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Abstract 


The  Propulsion  and  Energetics  Panel's  Specialists'  Meeting  in  autumn  198S  on  Smokeless  Propellants  demonstrated  that  no 
common  standard  was  available  in  this  field  and  that  the  lack  of  common  understanding  led  to  misunderstanding  amongst  the 
NATO  community. 

After  some  preparatory  discussion,  the  Panel,  therefore,  formed  Working  Group  Number  21  with  the  objectives  of  defining 
methods  for  the  assessment  of  rocket  motor  exhaust  optical  properties  in  the  visible  and  in  the  infrared  range,  and  of 
recommending  a  terminology  based  on  quantitative  criteria. 

The  Working  Group  discussed  the  subject  in  a  total  of  eight  sessions  and  prepared  th Advisory  Report.  F  [lowing  an 
Introduction  and  Summary  there  are  six  chap'ers.  commencing  with  an  Overview  and  continuing  with  Propellant  Smoke 
Classification,  Plume  Primary  Smoke,  Plume  Sei  indarv  Smoke.  Plume  Radiation  and  Plume  Microwave  Properties.  In  most 
cases,  the  conclusions  and  recommendations  follow  the  chapters  and  are  not  repeated  at  the  end  of  the  Report. 


Resume 


l.a  reunion  de  special istes  organisee  pur  le  Panel  AGARD  de  Propulsion  el  d'Energetiquc  uu  printcinps  de  1985  sur  le  theme 
des  propergols  non  generateurs  de  fumee  a  demontre  qu'il  n'existait  uucune  normc  univcrscllcment  rcconnue  dans  ce  domaine 
cl  que  ce  manque  d'entendement  pourrait  donner  lieu  a  une  mauvaisc  comprehension  au  .vein  de  la  communaute  de  I'OTAN. 

Suite  a  des  discussions  prcliminaires  le  Panel  a  done  decide  de  creer  le  groupc  de  travail  No.  21.  en  vuededefinirdcs  methodes 
devaluation  des  prnprietes  optiques  des  gua  ejeetes  des  tnoteurs-fusee  dans  le  domaine  du  visible  et  de  I'infrarougt  afin  de 
lournir  des  recommandations  eoncernant  une  terminologie  appropriee,  hascc  sur  des  criteres  quantitatives. 

I.e  groupe  s'est  reuni  huit  fois  pour  (elaboration  de  ce  rapport  consultatif.  Suite  ii  (  introduction  et  au  resume,  le  rapport  est 
organise  en  six  chapitrcs.  a  savoir;  preambule,  la  classification  des  tunnies  emises  par  les  propergols.  la  fumiie  primaire  du  jet  de 
propulscur,  la  fumee  sccondaire  du  jet  de  propulscur,  le  rayonnement  du  jet  de  propulseur.  et  les  curacteristiqucs 
iiyperfrequenccs  du  jet  de  propulscur.  Les  conclusions  et  les  recommandations  sc  trouvent  cn  general  a  la  tin  de  chaquc  chapitre 
et  nc  sont  done  pas  reprises  en  annexe  du  rapport. 
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Introduction  and  Summary 


The  question  of  terminology  in  the  field  of  so’id  propellant  rocket  motors  exhaust  products  has  always  been  a  difficult  one.  In 
autumn  1985,  AC3ARD  held  a  specialist  meeting  in  Florence  on  the  subject  of  “Smokeless  Propellants".  The  technical  evaluator 
of  this  meeting,  Geoffrey  Evans,  stated  in  his  final  report  that  “There  is  a  need  for  an  agreed  quantitative  measure  and 
methodology  for  defining  smoke  properties  of  propellants.”  In  fact,  the  classification  generally  used  for  propellants  as  "smoky, 
reduced  smoke,  low  smoke,  minimum  smoke  and  smokeless"  is  much  too  imprecise  and  broad-brush  to  serve  as  a  meaningful  or 
quantitative  guide. 

The  statements  triggered  a  proposal  from  AGARD-PEP  that  a  common  language  be  developed  within  the  NATO  community  in 
this  specific  field. 

After  approval  of  the  AGARD  National  Delegates  Board,  Working  Group  21  of  the  Propulsion  and  Energetics  Panel  was 
created  in  order  to  study,  develop,  and  recommend  a  common  terminology  in  the  field  of  solid  propellant  rocket  exhaust 
signatures.  Its  cbjective  was  also  to  define  method.',  for  assessing  rocket  motor  exhausts  in  various  wavelength  regions  of  the 
electromagnetic  spectrum 


The  first  official  meeting  of  WG  2 1  was  held  on  30  and  31  May  1 988.  but  two  preliminary  meetings  took  place  earlier  in  spring 
and  uutumn  1987.  Additional  meetings  were  held  every  six  months  until  the  final  one  in  autumn  1990  in  Brussels,  so  that  u  total 
it  eight  meetings  were  held. 

As  a  result  of  this  work,  the  group  has  written  a  detailed  report  which  appears  now  as  an  advisory  report.  The  main  results  and 
conclusions  of  the  group  are  summarised  herein. 

A  new  terminology  is  proposed  in  the  field  of  solid  propellant  combustion  exhaust  products.  This  terminology,  which  mukes  a 
distinction  between  primary  and  secondary  smokes,  is  bused  on  parameters  linked  to  solid  propellant  combustion  products. 

For  primary  smokes,  three  categories  arc  proposed  in  this  new  classification:  A.  11  and  Cf  A  the  least  smoky,  C  the  most  smoky). 
It  has  to  he  emphasised  that  the  classification  is  intended  only  for  propellants,  and  not  for  motors.  The  classification  number 
which  was  selected  is  related  to  the  obscuration  coefficient,  defined  us  1-Tr,  where  Tr  is  the  transmittance  thiough  a  cloud  of 
condensables  in  the  exhaust.  The  value  of  Tr.  for  a  given  propellant,  is  related  to  the  mass  percentage  and  specif  ic  gravity  of  the 
condensubles  In  the  propellant  combustion  products  calculated  for  siandnrd  conditions.  An  obscuration  number  close  to  1 
corresponds  to  a  "C“  propellant;  close  to  0,  it  corresponds  to  an  "A"  propellant. 

For  secondary  smokes,  three  categories  are  also  proposed:  A.  H  and  ('(A  the  least  smoky.  C  the  most  smoky).  The  classification 
approach  selected  is  related  to  the  minimum  relative  humidity  ot  nmhient  nit  at  which  saturation  (secondary  smoke  formation) 
will  occur  for  a  mixture  of  one  part  of  calculated  propellant  products  (I  I  .O.  MCI.  HF  etc)  diluted  with  1.(100  parts  air  at  a  mixture 
temperature  ol  ICC  (27 .1. 1 5 K | ; standard  atmospheric  pressure  A  propellant  classified  A"  gives  secondary  smoke  condensation 
only  at  high  relative  humidity.  A  propellant  classified  “C"  gives  secondary  smoke  even  at  low  relative  humidity. 


Increasing  Secondary  Smoke 
r - — ► 
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AB 

AC 

BA 
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DC 
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CC 

Therefore  propcllunt  classification  involves  two  letters.  A  very  tow  smoke  propellant  is  classified  AA;  it  very  smoky  propellant  is 
classified  CC.  A  propcllunt  which  gives  very  little  primary  smoke  nut  intense  sccoitdui  v  smoke  Is  AC.  etc. 

Il  is  proposed  that  this  new  quantitative  classification  he  widely  accepted  to  characterise  a  solid  propcllunt.  Ilowcvei.one  hus  to 
remember  that  this  classification  is  related  to  propellant  only.  It  cannot  he  assumed  that  because  a  fully  assembled  rocket  motor 
contains  a  eluss  AA  propellant  its  exhaust  plume  will  he  unquestionably  satisfactory  for  ull  trunsmiituiiee  requirements.  Other 
design  parameters,  such  as  ignitor,  liner,  insulator,  nozzle  materials  mul  configuration  must  also  be  considered. 

In  addition  to  this  proposal  for  a  new  exhaust-smoke  classification  terminology,  the  Group  also  examined  the  various  methods 
and  facilities  used  in  some  NATO  countries  for  measuring  und  predicting  solid  propellant  motor  exhaust  products,  their 
behaviour  mid  effects.  Some  are  recommended  for  aacncics  or  companies  wishing  to  establish  such  capabilities.  N  >  standard 
measurement  methods  are  proposed  which  would  clussily  propellants  or  rocket  motor  experimental  techniques  because 
questions  of  smoke  measurement,  transmission,  emission,  and  scattering  which  atise  during  the  development  of  a  given  rocket 
motor  arc  so  specific  that  standardised  methods  would  he  inndcquutc. 

IX 


The  main  topics  addressed  in  this  report  are  phenomenology  and  operational  considerations  (overview),  smoke  classification, 
pHmary  smoke,  secondary  smoke,  plume  radiation,  and  plume  microwave  properties. 


In  addition,  there  ;s  a  glossary  of  terms  used  in  the  plume  technology  field,  as  well  as  information  about  modelling  codes  and 
agencies  und  companies  active  in  this  field. 

One  will  also  find  in  this  report  information  aboui  solid  propellant  rocket  motor  exhausts  which,  as  far  as  it  is  known,  has  not 
been  available  until  now;  consequently  the  report  will  be  useful  to  those  entering  this  field  of  activity. 

For  each  topic,  u  member  of  W02 1  was  appointed  as  a  pilot  and  was  therefore  responsible  for  that  topic,  which  gave  birth  to  a 
chapter  of  the  report  after  discussions  with  other  WG  members. 

The  members  of  WG2 1  were: 


Bernard  ZELLER* 

France,  Chairman 

Barry  JONES 

Canada 

Emmanuel  ADJARI 

France 

Gerard  MELLON 

France 

Jacques  SAUVEL 

France 

Jacques  SQULETIS 

France 

Brunhardt  CRISPIN* 

Gc.mur.y 

Reinhardt  DIRSCHERL 

Germunv 

Wolfgang  LI  EH  MANN 

Germany 

Lt  Col.  1  PAGONIS* 

Greece 

Rcnato  BRIGNOLA 

Italy 

Roberto  DE  AMICTS 

Itp.lv 

Prof.  Luigi  DE  LUCA* 

Italy 

Manuel  BARRE1ROS 
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1.0  INTRODUCTION 

It  is  Ihe  working  group's  intention  that  this 
overview  should  provide  a  useful  background 
framework  for  understanding  the  specific 
technical  chapters  and  recommendations  that 
follow  in  the  remainder  of  this  ACiARD  Advisory 
Report. 

Exhaust  plumes  have  been  a  concern  in 
rocket  propulsion  technology  for  over  four 
decades.  The  early  concerns  involved  plume  inter¬ 
ference  with  microwave  guidance  signals  for 
beam-rider  and  semi-active  systems.  Subsequent 
concerns  involved  exhaust  detectability  due  to 
primary  and  secondary  smoke  and  the  effects  of 
smoke  on  some  kinds  of  missile  optical  guidance 
systems.  The  recent  emergence  of  autonomous 
electro-optical  detection  and  tracking  systems  has 
introduced  strong  concern  about  increased  missile 
and  launch-platform  vulnerability  due  to  the 
entire  spectrum  of  exhaust  plume  emissions.  This 
becomes  even  more  important  as  other  missile 
signatures,  such  as  body  emissions,  body 
scattering,  and  body  radar  cross  section  (RCS), 
are  reduced  by  application  of  new  materials 
technology  and  non-axisymmctric  geometry  [l|. 

Overriding  all  exhaust  plume  measurements 
and  predictions  is  a  requirement  to  quantitatively 
specify  required  signature  levels  for  current 
and  future  missile  missions.  Straightforward  as 
this  sounds,  it  has  never  been  adequately  done 
for  any  tactical  missile  plume.  There  is  no 
question  that  it  should  be  done  to  set  realistic 
goals  and  to  prioritize  research  and  development 
(R&D)  efforts  for  plume  detection,  identification, 
tracking,  targeting,  and  control.  In  addition, 
required  signature  levels  must  be  identified  with 
specific  operational  time-frames  to  correlate  with 
projected  enemy  detection  capabilities.  It  is  also 
critical  that  signature  be  scored  or  ranked  as  to 
its  value  Tor  any  mission,  also  the  relative  value  of 
each  type  of  signature  Tor  that  mission  (e.g.,  IR, 
UV,  smoke,  flash.  RCS).  Other  plume  effects  (e.g. 
guidance  interference  and  plume  impingement 
effects)  arc  performance  issues  that  must  be 
solved  for  deployment.  Once  a  set  of  prioritized 
signature  goals  has  been  established,  it  may  be 
possible  to  prioritize  the  Research  and 
Development  required  to  reach  the  goals. 

Those  missiles  for  which  reduced'  and 
"minimum  smoke"  propellants  have  been  develo¬ 
ped  over  the  |>ast  decades  have  an  overriding 
identified  need  far  signature  control.  In  general 
controlled  smoke  propellants  are  intended  to 
prevent  timely  countermeasures  by  the  target 


and/or  to  prevent  interference  with  some  optical 
guidance,  detection,  or  tracking  systems.  For 
missiles  launched  from  covert  sites,  there  are 
compelling  reasons  to  reduce  launch  plume  signa¬ 
ture  to  undetectable  levels.  New  terminology  for 
controlled  smoke  propellants  is  given  in  Chapter  2. 

In  general,  pertinent  ranges  for  detection 
will  be  of  the  same  order  of  magnitude  as  the 
related  engagement  ranges.  When  the  ranges  are 
short,  lime  becomes  an  important  parameter. 
Time  is  also  involved  in  the  short  bum  durations 
of  many  rocket  motors,  limiting  the  lime  available 
for  detection  of  radiative  emissions. 

Body  and  exhaust  plume  1R  radiations  have 
been  used  for  decades  for  detection  and  targeting 
by  a  number  of  missile  guidance  systems.  For 
complex  engagements,  involving  many  launch 
platforms  and  therefore  many  targets,  IR  rocket 
exhaust  signatures  may  be  used  in  the  near  future 
to  detect  and  target  launch  platforms  as  the 
launch  takes  place.  In  such  scenarios  one  is 
concerned  about  highly  capable  detection  systems 
and  detection  ranges  out  to  hundreds  of 
kilometres.  All  signatures  encounter  some  degree 
of  atmospheric  interference  (Fig.  1-1). 

Under  dear  sky,  high  visibility  daylight 
conditions  plume  smoke  is  visible  from  ranges 
comparable  to  advanced  IR  detection  capabilities. 
In  addition,  plume  smoke  persists  and  creates  an 
"arrow”  from  the  missile  back  to  its  launch  point. 
Primary  smoke  is  the  result  of  particulate  rocket 
motor  effluent  that  forms  during  cooling  of  the 
combustion  gases  at  any  ambient  atmospheric 
condition.  Secondary  smoke  Is  the  condensed 
vapour  contrail  or  a  missile  plume;  its  formation 
dcixMids  upon  lx>th  the  nature  of  the  gaseous 
rocket  motor  effluent  and  Ihe  prevailing  ambient 
atmospheric  temperature  and  humidity  conditions. 
Missile  contrails  form  under  all  conditions  that 
support  jet  aircraft  contrail  formation.  In 
addition,  the  MCI  product  of  ammonium  perchlo¬ 
rate  combustion  causes  an  extremely  persistent 
(and  often  continuously  growing)  contrail  to  form 
at  conditions  much  warmer  and  much  less  humid 
than  those  required  for  the  formation  of  aircraft 
contrails.  It  takes  some  time  for  the  full 
development  of  a  secondary  smoke  contrail,  and 
depends  upon  the  ambient  conditions  and  the 
specific  exhaust  structure.  This  can  affect  its 
importance  to  a  particular  scenario.  In  addition 
the  optical  density  (and  hence  visibility  and 
transmissivity)  of  the  secondary  smoke  contrail 
from  a  given  motor  strongly  depends  on  ambient 
conditions.  In  Chapter  2  of  this  report 
(PROPELLANT  SMOKE  CLASSIFICATION) 
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new  terminology  developed  by  this  working  group 
is  proposed  to  replace  the  qualitative  terms 
'reduced  smoke’  and  'minimum  smoke'  with 
quantitative  definitions  that  can  be  used  to  relate 
initial  specifications  of  solid  propellant 
requirements  to  defined  levels  of  primary  and 
secondary  smoke. 

Much  of  the  effort  of  the  past  two  decades 
in  plume  technology  has  been  directed  towards 
developing  and  refining  analytical  prediction 
methods.  Most  of  these  methods  are  now 
exercised  as  digital-computer  programs.  When 
these  computer  programs  accurately  predict  plume 
effects,  considerable  time  and  expense  associated 
with  flight  testing  to  determine  plume  properties 
of  specific  missile  exhausts  can  be  avoided. 
However,  it  is  necessary  to  prove  the  validity  of 
any  computer  program  by  comparing  its  calculated 
results  with  measured  data.  The  advantage  of 
the  computer  program  is  that  once  its  validity 
is  demonstrated,  it  is  possible  to  apply  It  to  many 
situations  for  which  measurements  huve  not  been 
made.  A  strong  caution  must  he  made  iiere; 
validation  of  a  computer  program  within  u  limited 
range  of  rocket  motor  propellants  and  flight 
environments  docs  not  guarantee  validity  outside 
that  range.  In  fuel,  there  arc  many  instances  of 
’verified”  computer  programs  failing  in  subsequent 
comparisons  with  data. 

Plume  predictions  arc  routinely  made  for  !R 
signature,  smoke  visibility  and  obscuration,  and 
RF-guidance  signal  attenuation.  In  addition,  the 
analytical  techniques  available  can  be  used  to 
predict  plume  impingement  effects,  and,  with 
various  modifications.  RF-guidancc  signal 
noise-modulation  and  radar  cross-section  (R(_S), 
emitted  visible  and  ultraviolet  (UV)  signature. 
Despite  this  statc-of-thc-art  there  are  clear  areas 
in  the  modelling  which  are  incomplete  and  show 
up  as  limitations  in  the  accuracy  of  some 
predictions,  and  obvious  failures  of  some  others. 
The  major  weaknesses  responsible  for  these 
results  arc  believed  to  be  in  flowfield  modelling 
and  include  :- 

(i)  lack  of  turbulence-combustion  coupling 

(ii)  inadequate  treatment  of  hascflow 
recirculation  with  chemical  reactions 

(iii)  lack  of  particle  combustion  modelling, 
including  multi-phase  How  interactions 

(iv)  lack  of  reliable  data  regarding  particle 
size  distribution  of  metal  oxides  and 
(heir  complex  index  of  refraction 

(v)  inadequate  criteria  for  predicting 
ignition  of  afterburning  in  some  plume 
flows 


(vi)  lack  of  models  for  turbulence 
introduction  into  the  flow 

(vii)  lack  of  models  for  three-dimensional 
chemically-reacting  plume  flow  fields 

(viii)  failure  of  current  models  to  account 
Tor  time  dependent  plume  signature 
effects. 

Elimination  of  these  weaknesses  will  require 
major  investigations  of  both  an  experimental  and 
theoretical  nature.  Research  to  understand  and 
control  physical  processes  (propellant  chemistry, 
fluid  dynamics/combustion  interactions,  signa¬ 
tures)  is  critical  for  plume  signature  reduction. 
Afterburning  of  fuel  species,  such  as  carbon 
monoxide  and  hydrogen,  in  missile  rocket 
exhausts,  is  the  major  contributor  to  plume  1R, 
UV  and  RF  signature  effects.  Programmes  to 
investigate  these  areas  arc  the  purview  of  an 
individual  nation's  research  and  development 
programmes,  and  the  subject  of  several 
collaborative  efforts. 

It  is  important  to  acknowledge  the  existence 
of  advanced  research  codes  that  reflect  the  latest 
technology  and  methods,  such  topics  as  baseflow 
recirculation  and  three  dimensional,  multiphase 
flow  with  Unite  rate  chemistry  etc.  These  codes 
attract  high  investment  costs  and  some  may 
involve  sensitive  national  interests  which  preclude 
their  general  release.  Less  sophisticated  but  more 
readily  available,  arc  codes  such  as  the  US 
production  suite  SPF/SIRRUM  and  others.  These 
are  less  exact  hut  model  plume  properties  in  a 
satisfactory  manner. 

One  of  the  major  benefits  of  predictive 
modelling  is  the  insight  it  provides  for 

understanding  the  effects  that  different  rocket 
motors  and  mission  variables  have  on  exhaust 
plume  properties  and  effects.  Even  when 

computer  programs  fail  to  accurately  predict 
missile  plume  effects,  they  may  provide 

important  information  about  the  relative 

importance  of  many  of  the  different  variables  that 
affect  exhaust  plume  properties. 

2.0  OPERATIONAL  CONSIDERATIONS 

This  section  examines  some  or  the  factors 
that  link  operational  requirements  to  solid  rocket 
exhaust  plume  considerations.  These  factors  fall 
into  two  major  areas  :- 

(i)  Physical  Interactions This  covers 
such  physical  interactions  of  the  plume 
as  gas  and  particle  impingement  on 
surfaces  and  gas  dynamic  interactions 
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(such  as  those  between  two  rockets  on 
closely  parallel  or  serial  courses  or  the 
effect  of  rocket  exhaust  on  aircraft  jet 
engine  performance,  including 
flameout). 

(ii)  Radiation  interactions This  covers 

the  areas  of  plume  signature  and 
guidance  interference  effects  that  arc 
caused  by  emitted  plume  radiation  or 
interactions  of  plumes  with  radiation 
from  other  sources.  Our  interest  in 
these  interactions  can  be  grouped  into 
the  following  two  categories, 
a.  Detection  rannlrements  These  are 
related  to  threat  (enemy)  plume 
signatures  and  determine  our 
requirements  for  detection  cupubility 
and  countermeasures. 

b-  Signature _ caUUnmiaila  :•  These 

include  requirements  for  "stealth,"  for 
missile  guidance,  and  any  other 
operational  parameters  that  are 
affected  by  our  missile  plumes  and 
thus  afreet  the  design  of  our  own 
rocket  motors. 

Operational  requirements  regarding  exhaust 
plumes  arc  usually  a  critical  part  of  a  weapon 
system's  design  requirements.  The  rest  ol  tiiis 
section  gives  specific  examples  of  such 
requirements  in  relation  to  the  above. 

2.1  Physical  Interactions 

In  this  area  wc  are  concerned  with  the 
design  of  a  rocket  motor  to  assure  that  the 
physical  interactions  of  its  plume  do  not  cause 
operational  problems.  Although  physical 
interactions  are  not  part  of  the  working  group's 
mandate,  they  will  be  discussed  briefly  herein  for 
completeness  and  to  alert  the  specialist  to  the 
need  to  consider  aspects  other  than  just  the 
signature  characteristics  of  the  plume.  Three 
problem  areas  are  considered  as  examples  :- 

(i)  First,  consider  plume  impingement 
situations  such  as  those  often 
encountered  when  a  missile  is 
launched  from  an  aircraft  or  ship,  or 
perhaps  our  concern  is  a  small 
shoulder-launched  battlefield  missile. 
The  geometry  of  each  situation  is  well 
known.  The  first  step  in  solving  the 
design  problem  is  to  determine  how 
the  missile  plume  fits  into  the  known 
launcher  geometry.  Existing  rocket 


exhaust  plume  Dowfield  computer 
codes  arc  ideal  for  determining  this. 
The  next  step  is  to  define  the 
temperatures,  pressures,  and  particle 
impingement  induced  by  the  plume 
onto  launcher  surfaces,  and  to 
determine  whether  or  not  there  will  be 
a  threat  to  the  launch  vehicle  or 
I  verson,  To  accomplish  this,  one  must 
use  the  plume  Dowfield  computer 
output  parameters  of  gas  density, 
species,  temperatures,  particle  sizes 
and  number  densities,  and  gas  and 
particle  velocities  and  then  determine 
impact  forces  and  heating  rates  on 
involved  surfaces.  The  degradation  of 
launcher  surfaces  can  then  be 
determined  analytically.  Experimental 
verification  of  the  predictions  can  be 
obtained  by  submerging  well 
instrumented  materials  into  the 
exhausts  of  statically  fired  rocket 
motors  and  comparing  the  results  with 
code  predictions.  If  the  predictions  are 
good,  they  can  be  extrapolated  to 
other,  nun-static,  rocket  motor  firing 
conditions  with  reasonable  assurance 
of  accuracy.  Even  fairly  simple 
prediction  methods  have  been 
successful  for  surface-luunchcd  missile 
launcher  Impingement  problems  1 2,3], 

(ii)  Let  us  consider  a  barrage  rocket 
system;  typically  such  u  system  uses 
iinguidcd  rocket  powered  missiles 
launched  in  parallel  or  series  from 
launchers  that  contain  substantial 
numbers  of  weapons.  In  either 
parallel  or  series  firing  modes  the  gas 
dynamic  effects  of  the  exhaust  jet 
from  one  rocket  can  affect  the 
trajectories  of  neighbouring  rounds. 
The  problem  is  to  determine  the 
magnitude  of  that  interference  and 
whether  it  causes  trajectory  errors 
greater  than  allowable  by  the 
aim-point-aceuracy,  miss-distance  and 
kill-probability  requirements  for  the 
weapon  system.  The  pertinent  analysis 
can  be  done  with  one  of  the  existing 
rocket  exhaust  plume  Dowfield 
computer  codes.  If  it  is  determined 
that  an  operational  problem  exists,  it 
may  be  possible  to  redesign  the  rocket 
nozzle  or  the  missile  exterior  to  reduce 
the  problem.  Another  approach  might 
be  to  devise  a  tactical  firing  strategy 
that  minimizes  the  interference 
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problem. 

(ill)  Another  very  serious  problem  involving 
physical  interactions  is  aircraft  jet 
engine  flameout  caused  by  the 
ingestion  of  rocket  exhaust  products. 
There  is  a  history  of  this  problem 
with  afterburning  rocket  exhausts.  In 
fact,  the  use  of  a  potassium  sulphate 
*sali-iod*  in  some  early  air-launched 
rockets  was  implemented  just  to 
eliminate  the  afterburning  that  caused 
this  problem,  The  same  problem  has 
been  encountered  more  recently  during 
air-launch  of  some  air-to-air  tactical 
guided  missiles,  particularly  when 
gas-dynamic  or  autonomous  missile 
guidance  effects  cause  the  rocket  to 
cross  the  aircraft  path  with  resulting 
engine  ingestion  of  hot  exhaust  gases. 
At  least  three  solutions  arc  obvious  :• 

(1)  eliminate  afterburning  in  the  rocket 
exhaust  (not  easy  with  modern  high- 
pcrformancc  composite  propellants), 

(2)  relocate  missile  launcher  on  the 
aircraft,  or  (3)  delay  the  start  of 
autonomous  guidance  of  the  missile 
until  it  is  farther  from  the  launch 
aircraft.  Even  some  of  the  older  rocket 
exhaust  plume  computer  codes  (such 
as  LAPP)  have  been  applied  very 
successfully  to  this  problem. 

2.2  Radiation  Interactions 

2.2.1  Detection  Requirements 

This  area  concerns  information  on  plume 
signatures  of  threat  (enemy)  weapons,  both 
aircraft  and  missiles.  It  is  information  that  may  he 
difficult  to  obtain,  particularly  that  needed  to 
predict  the  signatures  of  threat  aircraft  and 
missiles.  Such  information  is  usually  highly 
classified  by  each  nation  and  handled  on  a 
’need-to-know'  basis  because  it  has  direct 
implications  on  weapon  design,  tactical 
procedures,  and  critical  technology.  However, 
certain  principles  that  are  obvious  will  be 
discussed  here. 

The  objective  Is  to  perform  some  military 
operation  at  minimum  risk  and  with  maximum 
chance  of  success.  Quite  obviously,  sensing 
emissions  radiated  from  the  exhaust  plume  of  u 
target  aircraft  or  missile  is  an  ideal  means  of 
locating,  identifying,  tracking,  and  possibly 
targeting  (or  terminal  homing).  Therefore,  we  can 
start  the  design  of  a  passive  ’detection  system' 


based  on  this  method.  A  number  of  unknown 
parameters  are  immediately  evident 

(i)  At  what  distance  must  we  detect  the 
target? 

(ii)  At  what  aspects  (relative  flight  paths, 
angles,  etc.)  must  we  detect  the  target? 

(Hi)  Over  what  range  of  atmospheric 
conditions  must  we  detect  the  target? 

(iv)  Over  what  range  of  absolute  and 
relative  velocities  must  we  detect  the 
target? 

(v)  What  sensor  capabilities  do  we  have 
and  how  can  they  be  used? 

(vl)  What  are  the  target  signature 

characteristics? 

(vii)  Can  the  intercepting  missile  onboard 
scnsor(s)  distinguish  between  plume 

und  target? 

It  is  possible,  using  modern  exhaust  plum, 
computer  codes  und  other  analytical  techniques  to 
get  answers  to  all  these  questions.  However,  one 
must  be  cautious  because  all  the  analytical 
techniques  are  bused  on  assumptions  that  may 
hide  parts  of  reality.  For  example,  the  strongest 
feature  of  current  plume  computer  codes  is  their 
prediction  of  steady-state  levels  of  total  and 
spatially  resolved  radiation.  However,  the 
distinction  between  the  target  and  its  plume  may 
he  more  apparent  in  the  lime  dependent  regime 
due  to  such  features  us  turbulence  structure  and 
Doppler  shirts  in  radiation,  than  in  the  steady- 
state  regime. 

For  target  detection  and  tracking,  the  total 
steady-state  radiation  levels  are  of  primary 
importance.  Al  the  required  maximum 
operational  launch  range.  Ihc  scnsor/detector 
portion  of  Ihc  guidance  system  must  be  capable  of 
distinguishing  the  target  pluinc  from  background 
radiation  and  Trom  spurious  local  radiation 
sources.  Intervening  atmospheric  attenuation  of 
Ihc  target  signature  must  be  accounted  for  when 
the  maximum  operational  launch  range  is 
determined,  this  includes  accounting  for  possible 
variations  in  atmospheric  attenuation  over  the 
missile  launch  envelope.  The  guidance  system 
must  be  capable  of  locking  on  to  the  target  plume, 
keeping  lock  as  the  missile  approaches  Us  target 
and  must  include  algorithms  to  overcome  any 
momentary  loss  or  lock  . 

As  the  missile  approaches  Its  target,  the 
rield-of-vicw  of  the  sensor/dctcctor  sub-system 
will  become  filled  with  the  target  plume  and  an 
autonomous  decision  must  be  made  to  transfer 
lock  to  a  |»rticular  part  of  the  signature.  Ideally, 
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this  would  involve  transferring  lock  from  the 
plume  to  the  target  itself  and  may  require 
inclusion  of  a  bias  or  shift  of  lock  from  the 
location  of  maximum  plume  signature  to  the 
expected  location  of  the  target.  This  is  not  too 
difficult  to  do  if  the  missile  is  using  a 
proportional  guidance  scheme.  In  fact,  the  bias 
could  be  built  into  the  missile  guidance  system 
to  operate  from  launch  onward,  and  be  based  on 
plume  signature  computer  calculations  ;  however, 
such  calculated  values  would  be  strongly  depen¬ 
dent  on  target  type,  target  velocity,  and  target 
altitude.  The  danger  of  this  approach  is  dear,  the 
range  of  variation  could  be  large  if  the  bias  is 
preprogrammed,  and  the  resulting  average  miss 
distance  could  also  be  large.  If  distinguishing 
characteristics  of  the  target-plume  interface  can 
be  Identified,  transfer  of  lock  would  ideally 
involve  switching  from  the  total  plume  or  locution 
of  maximum  emission  in  the  plume,  to  those 
characteristics  of  the  interface.  Distinguishing 
features  of  this  interlace  may  be  time-dependent 
rather  than  steady-state.  The  plume  gases  are  at 
their  maximum  velocity  very  close  to  the  target 
exhaust  exit,  therefore  some  guidance  solution 
based  upon  Doppler  shift  in  (lie  signature  might 
be  used.  Also,  the  plume  will  have  u  turbulent 
structure  not  exhibited  by  the  target  surface.  This 
turbulence  might  be  used  to  distinguish  between 
the  target  body  and  its  plume.  However,  the 
turbulence  will  probably  he  a  minimum  near  the 
target  and  a  maximum  at  the  location  of 
maximum  plume  temperature  and  afterburning  ; 
this  would  tend  to  mitigute  against  using 
turbulence  to  distinguish  between  the  target  and 
plume.  The  target  signature  near  the  nozzle  may 
be  expected  to  be  a  combination  of  hot  body 
radiation  und  scattered  ambient  radiation  that 
could  distinguish  it  spectrally  from  the  plume. 
This  report  does  not  consider  any  "hard-body" 
signature  sources  or  effects. 

2.2.2  Signature  Requirements 

This  area  is  related  to  the  design  of  solid 
rocket  motors.  The  design  objective  is  to  minimize 
the  signature  of  a  missile  exhaust  plume  lor  one 
or  more  reasons.  Detailed  information  in  this  area 
is  usually  highly  classified  to  prevent  its 
acquisition  by  potential  threat  nations.  However, 
as  with  the  previous  section,  the  principles 
involved  are  available  in  the  open  literature,  und 
it  is  from  that  basis  that  the  following  discussion 
proceeds.  There  Is  one  primary  goal  und  that  is  to 
minimize  the  deleterious  operational  effects  or  our 
own  missile  plume  signatures.  There  are  however 
two  primary  design  goals  :• 


(i)  to  minimize  the  detectability  of  one's 
own  missiles  in  certain  scenarios. 

(ii)  to  minimize  any  interference  of  the 
plume  on  missile  guidance. 

Plumes  may  l)c  detected  hy  sensing  either 
their  emitted  radiation  or  their  concentration  of 
ambient  radiation.  Plumes  emit  significant 
quantities  of  electromagnetic  radiation  over  a 
wide  range,  from  the  ultraviolet  (UV)  at  the  short 
wavelength  end  of  the  spectrum,  through  the 
visible,  infrared  (IR)  und  millimetric  wave  regions 
down  into  the  high  radio  frequency  (RF)  and 
longer  wavelength  end  of  the  spectrum,  There 
may  he  trace  amounts  of  radiation  at  shorter  and 
longer  wavelengths,  however,  these  are  usually 
not  considered  viable  for  tactical  purposes. 

Particles  in  plumes,  often  referred  to  vs 
plume  smoke,  are  a  major  cause  or  concentrated 
ambient  radiation  which  usually  becomes  apparent 
as  it  is  scattered  from  the  plume  to  some 
detector.  The  smoke  trails  of  plumes  are  easily 
delected  visually  because  they  scatter  sunlight  and 
the  less  intense  skylight.  Scattering  of  the  earth's 
albedo  may  also  be  detectable,  particularly  when 
the  ground  Is  very  bright  (for  example,  when 
covered  with  snow),  There  Is  also  a  component  of 
scattered  sunlight,  usually  less  than  5/tm  in 
wavelength,  that  may  cause  detection  or 
interference  problems  with  electro-optical  systems 
operating  at  mid-IR  wavelengths.  Plume  smoke 
can  interfere  with  guidance  systems  that  operate 
in  the  visible  or  neur-lR  regimes  if  propagation 
through  the  plume  is  required  in  tactical 
scenarios. 

The  gas-density  variations  in  plume  wakes 
may  cause  disturbances  in  ambient  RF  fields. 
Although  such  disturbances  can  be  detected 
(as  can  dear-air  turbulence,  which  Is  the  same 
phenomenon),  it  is  not  obvious  that  such 
detections  can  he  useful  in  taclicul  battlefield 
conditions. 

Electronically  charged  species  in  plumes 
(particularly  free  electrons,  although  ions  may  also 
contribute  significantly  at  the  longer  wavelengths) 
attenuate,  scatter,  and  rcTract  or  "focus" 
impinging  RF  radiation  in  the  megahertz  and 
gigahertz  regimes.  For  very  highly  ionized 
plumes,  this  can  cause  a  detectable  increase  in  the 
missile  radar  cross  section  (RCS).  Even  moderate 
levels  of  ionizution  cun  cause  RF  interference  for 
beam  rider  und  scini-activc  guidance  systems. 


The  temperature  of  the  plume  is  the  single 
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most  important  factor  contributing  to  signature 
levels  involving  emitted  radiation  und  RF 
interactions.  Particles  exhausted  from  the  rocket 
nozzle  form  particle  laden  contrails  (primary 
smoke)  detectable  for  many  kilometres  behind  a 
flying  missile.  Water-soluble  gaseous  and 
condensed  species  combined  with  water  exhausted 
from  the  nozzle  and  water  present  naturally  in  the 
atmosphere  can  result  in  the  formation  of 
water-droplet  contrails  (secondary  smoke)  that 
persist  for  many  kilometres  over  a  wide  range  of 
ambient  conditions,  although  there  are  conditions 
when  water-droplets  do  not  form.  The  criterion 
for  the  formation  of  secondary  smoke  involves  the 
nature  and  concentrations  of  the  exhaust  species, 
the  temperature  and  behaviour  of  the  plume  (docs 
it  arterbum,  for  example?),  as  well  as  the  ambient 
temperature  and  atmospheric  moisture  content 
(i.c„  relative  humidity). 

In  the  following  discussion,  methods  are 
given  for  urriving  ut  solid  rocket  motor  or 
propellant  design  requirements  to  achieve 
operational  goals. 

If  the  level  of  emitted  radiation  from  u 
missile  plume  Is  to  be  reduced  to  a  level  that 
prevents  detection  of  the  missile,  it  Is  first 
necessary  to  determine  what  that  level  is  and  the 
benefits,  if  any,  of  purtlul  signature  reduction. 
Required  signature  levels  must  he  Identified  with 
specific  operational  timeframes  lo  correlate  with 
projected  enemy  detection  capabilities.  It  is  also 
critical  that  a  signature  be  scored  or  ranked  us  to 
its  value  for  each  mission  together  with  the 
relative  value  of  each  type  of  signature  (e,g„  UV, 
IR,  smoke,  visible  flash,  RCS,  etc.).  The  plume 
effects  that  involve  missile  guidance,  such  as  RF 
and  plume  smoke  interference  are  overriding 
performance  issues  (hut  must  be  solved  for  system 
dcploymei't. 

The  first  step  is  to  determine  the  range  from 
which  non-detectability  is  needed  und  the 
radiation  wavelengths  Involved.  No  guidelines 
have  been  established  lor  this.  It  would  he 
desirable  lo  have  a  plume  und  missile  that  is 
undetectable  at  all  ranges,  however  litis  is  clearly 
not  possible.  The  following  guidelines  arc  believed 
to  be  appropriate  :- 

(I)  Initial  detection  of  supersonic  missile 
plumes  at  ranges  of  less  titan  <>km  is 
not  important  because  the  short 
engagement  times  available  do  not 
permit  effective  countermeasures. 


(ii)  Detection  ranges  greater  than  73km 
arc  ambiguous  in  one-on-one 
engagements. 

(iii)  Plume  RCS  should  be  controlled  to 
keep  detection  probability  of  the  plume 
less  than  that  of  the  missile  alone. 

(iv)  The  need  for  guidance  interference 
control  is  determined  by  the  ‘marginal 
excess  capability*  of  the  guidance 
system  without  interference  (that  is, 
the  ability  of  the  guidance  system  to 
operate  beyond  the  maximum  missile 
envelope).  For  example,  if  the  guidance 
signals  have  a  power  margin  of  lOdb 
at  the  maximum  operational  range, 
then  plume  signal  interference  up  to 
lOdb  might  he  tolerable.  This  is  most 
applicable  lo  RF  guidance  interference. 
Plume  induced  RF  noise  must  be  kept 
to  levels  that  will  not  be  interpreted  by 
the  guidance  system  as  false  targets  or 
otherwise  confuse  the  guidance  system. 

(v)  Plume  smoke  must  be  controlled  for 
those  missions  in  which  it  can  com¬ 
promise  the  luunch  platform  or  inter¬ 
fere  with  electro-optical  guidance.  It  is 
also  important,  but  less  critical  to 
avoid  detection  of  the  missile  itself. 
There  will  always  be  possible  scenarios 
in  which  secondary  smoke  can  form, 
and  the  probabilities  of  such  occur¬ 
rence  should  be  known.  For  this 
reason,  this  AGARD  working  group 
has  provided  a  dimate  database  which 
permits  the  prediction  of  the  occur¬ 
rence  of  secondary  smoke  on  a 
common  basis.  (Appendix  4  to  this 
report). 

(vi)  Missile  plume  signatures  that  can 
contribute  to  the  detectability  of  an 
otherwise  covert  and  vulnerable  launch 
platform  may  need  to  be  controlled  at 
all  costs.  This  is  particularly  true  of 
plume  smoke  trails  from  missiles 
launched  from  stationary  or  slow- 
moving  platforms,  since  the  smoke 
trails  persist  for  a  long  time. 

The  following  three  fictitious  examples  of 
plume  signature  problems  arc  included  to  give 
some  idea  of  design  considerations  that  are 
influenced  by  rocket  exhaust  plumes. 
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Example  1 

The  missile  is  guided  along  a  line  of  sight.  The 
guidance  system  minimizes  the  angle  formed  by 
the  target,  the  launch  platform,  and  the  guided 
missile.  Designation  of  the  target  is  done  by  an 
operator  who  must  continuously  designate  the 
target  until  the  missile  hits  it.  The  missile  is 
located  during  flight  by  a  beacon  that  rudiutes  in 
the  near-IR. 

The  exhaust  plume  can  disturb  the  guidance 
system  by  :- 

(i)  obscuring  the  target  from  the  operator 
due  to  smoke.  The  target  is  seen  in  a 
natural  environment  by  a  contrast 
defined  as  :• 

C  -  -P-b  where 

B, 

C  -  contrast 

B|  -  target  brightness 

B(,»  background  brightness 

The  attenuation  (which  must  he  less  titan  a  factor 
10)  is  defined  us  > 

A  -  —  where 
C2 

A  attenuation 

Cl-  contrast  without  motor 
exhuust 

C2-  contrast  with  motor  exhaust 

(ii)  obscuring  the  missile  from  the  operator 
due  to  smoke.  With  the  same 
definitions  as  the  previous  paragraph, 
the  attenuation  intisl  he  less  than  a 
factor  20. 

(lii)  saturation  of  the  light  amplifier  used 
for  night  firing,  due  to  plume 
radiation.  To  avoid  saturation  of  the 
light  amplifier  the  spectral  radiance  of 
the  plume  must  he  less  than  lxl(P 
Watt/nr/sr/tn. 

(iv)  a  higher  level  of  radiation  I'rmn  (lie 
plume  than  from  the  heaeon.  This 
point  is  satisfied  iT  the  previous  one  is 
satisfied. 

Plume  smoke  cun  also  reveal  the  missile 
trajectory  and  the  launch  position.  This  point  has 
not  been  quantified  at  the  present  time.  Con¬ 


sidering  this  further,  imagine  a  scenario  where 
conflict  occurs  in  a  desert  climate  in  which  the 
first  combatant  uses  an  all-climate  missile 
(obtained  from  a  major  power  arms  source)  with 
a  rocket  propellant  (commonly  known  as  a 
"minimum-smoke"  propellant)  containing  no 
ammonium  perchlorate  (AP),  which  is  responsible 
for  secondary  smoke  formation  in  cool,  humid 
climates,  and  the  second  combatant,  realizing  it 
will  never  use  anti-tank  missiles  elsewhere,  has 
chosen  to  produce  and  use  a  composite  propellant 
with  no  metal  but  high  AP  levels  in  the  rocket 
motors  of  its  anti-tank  missiles.  The  second 
combatant  will  have  an  advantage  in  performance 
(total  impulse)  in  the  desert  environment,  or 
the  option  of  selecting  a  smaller  and  lighter 
missile  design.  He  muy  also,  in  general,  have  a 
rocket  motor  with  improved  service  life  and 
handling,  transport,  and  storage  safely. 

Example.  2 

la  another  situation,  consider  a  goal  involv¬ 
ing  reduced  plumc-lR  signature  In  the  3*tm  to 
5/nn  wavelength  hand.  Suppose  existing  data 
indicate  that  with  likely  enemy  deleciors,  the 
steady-slate  IR  signature  of  a  current  motor 
capable  of  meeting  the  performance  goals  cun  be 
detected  at  ranges  from  30km  to  250km 
depending  on  plume  and  detector  altitudes,  and 
atmospheric  and  background  conditions.  Studies 
show  tliul  a  motor  might  he  designed  und 
fabricated  with  only  1<>%  of  the  IR  signature  of 
the  current  motor.  However,  calculations  show 
that  tills  will  reduce  detection  to  ranges  between 
25km  and  200km,  for  identical  conditions;  a 
trivial  change,  and  not  an  improvement  in  the 
operational  context.  Another  option  is  a 
liquid-organic  fuelled  ramjet  engine,  which,  alter 
its  rocket  booster  is  exhausted,  will  have  a 
signature  only  one-fortieth  that  of  the  current 
rocket.  Because  the  ramjet-powered  missile  will 
fly  at  different  aspects  to  expected  detector 
platforms,  it  is  assumed  that  an  IR  signature  only 
1%  of  Hie  current  rocket  plume  cun  be  achieved. 
With  this  condition,  the  IR  detection  rungc  can  be 
reduced  to  a  range  between  19km  and  100km,  for 
identical  conditions.  If  the  operational  goal  had 
been  identified  us  no  detections  beyond  50km, 
that  goal  is  now  aehievuble  lor  a  significant 
percentage  of  encounters,  and  the  value  of  these 
versus  other  operational  parameters  must  he 
determined  to  optimize  the  system  dcsipr 

Example  3  ;- 

As  the  final  example,  consider  a  plume- 
radar  guidance  problem.  Everything  possible  has 
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been  done  to  reduce  signal  attenuation.  After¬ 
burning  is  suppressed  as  much  us  possible 
considering  the  performance  needed,  the  rocket 
motor  nozzle  lip  (missile  base)  thickness  has  been 
minimized  by  bout-tailing  the  external  missile- 
cylinder  wall,  the  two  receiver  antennas  for  the 
semi-active  radar-guidance  system  arc  forward  on 
the  missile  body  to  minimize  the  influence  of 
direct  signal-interference  patiis  through  the  motor 
exhaust  plume.  At  least  one  antenna  always  has 
a  signal  attenuation  less  than  the  lOdB  required 
for  adequate  signal-to-noisc  ratio  ut  maximum 
thrusting  range.  Vet  the  missile  sometimes  has 
midcourse  guidance  problems  that  cause  It  to  miss 
its  target.  After  much  deliberation,  and  analysis 
of  expensive  telemetry  data  (which  would  not 
otherwise  have  been  obtained),  the  project  team 
comes  to  the  awful  conclusion  that  the  antenna 
selector  in  the  guidance  system  Is  selecting  the 
wrong  antenna  for  guiduncc.  The  system  is 
programmed  to  select  the  antenna  receiving  the 
larger  signal,  which  it  is  doing;  but  analysis  of  the 
telemetry  data  indicates  that  ut  the  time  of 
selection  much  of  that  signal  is  plume-  induced 
noise  on  the  carrier  signal  scattered  Into  the 
antenna  making  it  uppeur  to  be  the  larger  signal. 
The  problem  is  now  severe,  especially  since  the 
system  has  been  deployed.  Eurllcr  In  the  design 
of  the  system  it  would  have  been  possible  to 
include  noise-discrimination  circuitry  in  the 
guiduncc  system,  or  an  Independent  missile 
orientation  sensor  that  could  have  eliminated  or 
reduced  this  problem, 

Detailed  design  guidelines  must  be  worked 
out  for  each  proposed  missile  system  on  the  basis 
of  how  und  where  It  Is  to  be  used,  ami  the 
relutivc  value  of  the  different  contributing  factors 
such  us  range,  velocity,  guidance  type,  mission 
value,  launch  plutform  value,  und  technology 
availability.  The  objective  of  this  design  effort  is 
to  quantify  the  available  tradeoff  options  between 
all  the  various  requirements  und  goals,  und  to 
optimize  them  for  the  missile  system  under 
consideration.  If  all  operational  conditions  uro 
considered  fairly,  some  surprises  urc  likely  to 
emerge. 

3.0  TECHNICAL  CONSIDERATIONS 

This  section  of  the  overview  describes  major 
plume  properties  and  effects  of  concern,  starting 
with  the  How  of  rocket  motor  combustion 
products  from  the  combustion  chamber  through 
the  nozzle  and  Into  the  atmosphere  as  fur  us 
necessary  for  the  properties  und  effects  of  interest 
to  manifest.  Critical  design  features  or  solid 
rocket  motors  us  they  affect  plumes  are 


uddressed.  they  include  design  principles  and  the 
contributions  made  by  propellants,  liners,  insu¬ 
lation,  nozzles  und  igniters.  Plume  effects  arc 
described  from  a  theoretical  basis.  This  is 
necessary  since  it  is  the  only  way  to  approach  an 
understanding  of  the  phenomena  involved. 
Existing  data  on  plume  effects  tend  to  confirm 
the  theoretical  principles,  if  not  the  specific 
details  of  calculations  bused  upon  them. 

3.1  Solid  Propellant  Rocket  Motors 

Solid  rocket  motors  appear  to  be  rather 
simple*  devices.  Generally  they  have  no  moving 
mechanical  parts  (although  some  modern  systems 
are  fitted  with  moving  nozzle  thrust  vector  control 
systems,  und  adjustable  pintcl  nozzles  have  been 
designed  und  tested).  However,  this  apparent 
simplicity  Is  deceptive.  It  Is  more  appropriate  to 
visualize  u  solid  rocket  motor  us  an  engine  which 
lias  all  the  design  requirements  "frozen"  Into  the 
necessary  chemical  and  physical  forms, 

3.1.1  Motor  Design  Principles 

Figure  1-2  shows  u  typical  tactical  rocket 
motor  including  the  major  design  I'euturcs.  The 
solid  propellant  is  cust  or  extruded  us  a  "grain." 
The  propellant  is  selected  to  contain  the  necessary 
chemical  energy,  delivered  ut  un  appropriate  rate, 
to  accomplish  the  missile  mission.  This  requires 
that  the  following  conditions  be  met  :- 

(I)  The  density  of  the  propellant  must  be 
sufficiently  high  to  package  the 
needed  energy  Into  the  available 
volume. 

(ii)  The  burning  rate  of  the  propellant 
must  lie  such  thut  energy  is  delivered 
ut  the  required  rate, 

(ili)  The  burning  rate  slope  (n  in  the 
burning  rule  equation  r-uPcn)  must  be 
sufficiently  low  that  mild  pressure 
excursions  do  not  lead  to  unstable 
burning  or  runaway  (possibly  explo¬ 
sive)  pressure  increases. 

(iv)  The  burning  rate  of  the  propellant  is 
usuuily  dependent  on  temperature, 
being  higher  ut  higher  temperatures. 
Since  tactical  solid  rocket  motors  must 
operate  over  a  wide  range  of  ambient 
(and  thus  propellunt)  temperatures,  it 
is  important  thut  the  performance  of 
the  missile  should  be  similar  through¬ 
out  the  entire  specified  operating 
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temperature  range. 

(v)  The  propellant  grain  is  configured  to 
give  the  desired  thrust-time  profile.  In 
the  motor  of  Figure  1-2,  this  is 
accomplished  hy  "perforating"  (he  grain 
eo  that  burning  occurs  internally  on 
the  exposed  faces.  With  the  internal 
perforation  or  bore  shown  in  the 
figure,  the  burning  surface  area 
remains  nearly  constant  during  the 
entire  burn,  and  thus  the  thrust  is 
nearly  constant.  In  contrast,  a  simple 
circular  bore  would  initially  have  a 
smaller  burning  surface  that  would 
grow  progressively  during  combustion. 
The  chamber  pressure  and  the  thrust 
would  also  grow,  although  not  pro¬ 
portionally,  unless  the  burning  rate  had 
no  dependence  on  pressure.  The  port 
must  he  of  a  size  large  enough  to 
prevent  choking  of  combustion  gas 
flow  upstream  of  the  nozzle  throat, 
and  to  minimize  erosive  burning  of  the 
propellunt  surface.  As  burning  readies 
the  outer  insulation  of  the  motor,  (he 
burning  surface  and  hence,  the  thrust, 
begin  to  decreuse  (tullol'f).  Since 
motor  performance  Is  reduced  during 
tailoff,  und  an  extended  burnout  phase 
requires  extra  Internal  case  insulation, 
good  motor  designs  minimize  the 
duration  of  the  decrease  by  attempt¬ 
ing  to  burn  out  all  of  the  propellant 
simultaneously. 

Some  grains  or  heud-eml  parts  of 
gruins  are  not  perforated  and  burn  on 
the  surface  facing  (he  noz/le.  These 
arc  known  as  end-lmruiug.  ><r 
restricted,  or  cigarette-burning  grains. 
It  is  possible  to  achieve  constant 
thrust-time  curves  with  such  grains. 
Motors  with  end-burning  gruins  require 
more  Internal  case  insulation  than 
those  with  internal-burning  grains  to 
prevent  exposure  of  the  nozzle  end  i  f 
the  motor  ease  to  the  high-temperature 
combustion  within.  End-burning  grains 
also  require  some  Internal  stress-relief 
mechanism  to  prevent  cracking  due  to 
thermal  expansion.  Some  boost-stisiaiu 
rocket  motors  use  an  Internally  per¬ 
forated  grain  configuration  near  the 
nozzle  lor  a  short  duration,  high 
thrust,  boost  or  acceleration  phase, 
and  an  end  burning  configuration  to 
provide  longcr-duration,  lower  sustain 


thrust  to  maintain  constant  velocity  of 
the  missile.  Figure  1-3  shows  typical 
thrust  and  pressure  versus  time  curves 
for  such  a  boost-sustain  rocket  motor. 
Other,  more  complex  grain  shapes  are 
not  uncommon. 

(vi)  The  igniter  must  ignite  the  entire 
propellant  surface  quickly  and  bring 
the  motor  to  its  design  operating 
pressure.  It  must  be  designed  so  that 
ignition  docs  not  mechanically  damage 
the  propellant  grain. 

(vii)  Tite  propellant  must  have  mechanical 
properties  that  prevent  it  ftom  crack¬ 
ing,  or  other  damage  when  initially 
pressurized  by  the  igniter,  or  under 
forces  (loads)  of  accelerating  (light,  or 
of  normal  bundling. 

(vili)  The  liner  bonds  the  propellant  grain  to 
the  case  or  insulation.  The  liner  bonds 
must  not  separate  or  burning  may 
creep  Into  the  bond  region  and 
quickly  destroy  the  motor  case.  Inhibi¬ 
tors  may  be  used  to  prevent  com¬ 
bustion  of  some  propellunt  surfaces : 
these  muy  be  slow-burning. 

tix)  Tlie  Insulation  must  keep  the  heat 
from  u  burned-out  motor  grain  from 
damaging  the  ease  during  the  final 
stages  of  tmpowered  night  (coast). 
The  insulation  must  also  prevent 
excessive  temperatures  and  tempera 
ture  gradients  (due  In  aerothermal 
beating  or  oilier  ambient  influences) 
from  damaging  the  propellant  or  the 
liner  bond. 

(x)  The  nozzle  throat  must  be  sized  to 
constrict  the  flow  so  that  the  design 
burn  rate  and  chamber  pressure  arc 
reached  und  maintained  in  the  com¬ 
bustion  chamber.  Flow  in  the  nozzle 
throat  Is  choked  to  sonic  velocity 
which  prevents  any  possible  Teed  back 
Trom  the  nozzle  cone  or  downstream 
regions  from  Influencing  (he  chamber 
combustion. 

(xl)  The  nozzle  expansion  cone  angle 
employed  (a  conical  expansion  is 
usually  used  in  tactical  missiles)  is  a 
tradeoff  between  the  nozzle  length  and 
weight  and  the  expansion  efficiency. 
The  sonic  gases  in  the  nozzle  throat 
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accelerate  in  the  expansion  cone. 
Maximum  performance  efficiency  is 
achieved  if  (lie  exhaust  gases  just 
reach  ambient  pressure  at  the  nozzle 
exit,  However,  since  many  tactical 
missiles  operate  over  a  wide  range  of 
altitudes,  and  hence  ambient  pressures, 
a  compromise  nozzle  exit  radius  is 
usually  chosen  based  on  many  factors. 
The  expansion  cone  half-angle  Is 
usually  chosen  to  l>c  between  12  and 
20  degrees  ;  this  Is  a  nozzle  tradeoff. 
The  smaller  the  expansion  ungtc,  the 
greater  is  the  axittl  component  of 
momentum  (thrust)  that  acts  to  propel 
the  missile  ;  however,  the  longer  the 
nozzle,  the  greater  the  wail  friction 
and  turbulent  boundary  layer  losses  in 
the  nozzle  and  the  greater  the  missile 
inert  weight.  It  is  also  very  important 
that  the  nozzle  half-angle  should  mu  be 
so  great  that  flow  separation  occurs 
(i.e.  a  situation  in  which  the  expand¬ 
ing  nozzle  flow  detaches  from  the 
nozzle  wull  with  the  formation  of 
shock  waves  and  uncontrollable,  unpre¬ 
dictable.  and  variable  thrust  misalign¬ 
ment). 

The  purpose  of  all  these  design  con¬ 
siderations  is  to  produce  a  motor  which  provides 
thrust  to  propel  the  missile.  Thrust  is  the  force 
that  the  missile  experiences  as  the  result  of  the 
exhausting  nozzle  gases.  It  is  actually  the  sum  of 
two  terms  ;• 

(i)  the  momentum  thrust  which  is  the 
product  of  the  mass  I  low  rale  ami  the 
exit  velocity  of  nozzle  effluent. 

<ii)  (ho  pressure  thrust,  which  is  the 
pressure  difference  between  the  noz/lc 
exit  and  ambient  pressures  operating 
over  the  nozzle  exit  area. 

The  impulse  (often  called  total  impulse)  ol  a 
motor  is  the  integral  of  the  thrust  over  the  operat¬ 
ing  duration.  The  specific  impulse  tisp)  is  the  total 
impulse  divided  by  the  weight  of  propellant. 
Specific  impulse  is  also  a  propellant  parameter 
that  can  he  defined  tliermochemieally.  Specific 
impulse  of  a  propellant  is  the  thrust  that  me 
propellant  can  provide  at  mot  weight  flow  rate. 
The  specific  impulse  of  any  propellant  is  a 
function  of  the  chamber  pressure  at  which  com¬ 
bustion  occurs,  ami  the  nozzle  exit  pressure.  In 
the  United  Slates,  fu.-  tactical  propellants,  these 
parameters  are  usually  given  for  1 ,000  psia  (tv.S'f 


MPa)  ehaiiilvcr  pressure  and  14.7  psia  <0.101325 
MPa)  exit  pressure,  unless  staled  otherwise. 

3.1.2  Solid  Propellant  Ingredients  and  Other 
f-'nctors  Related  to  Plume  Slgnuture 

Specific  impulse  is  usually  considered  to  be 
the  single  most  important  propellant  property 
related  to  performance,  and  this  certainly  Is  true 
for  weight-limited  rocket  motors,  However,  for 
volume  limited  systems,  propellant  density  is  also 
important,  and  the  density  may  be  traded  agninst 
specific  impulse  in  propellant  selection  to  improve 
performance,  although  not  on  a  one-to-one  basis. 
When  propellants  with  reduced  exhaust  plume 
signature  effects  arc  selected  for  operational  use. 
Hie  specific  impulse  invariably  suffers. 

3. 1,2.1  Solid  Propellant  Ingredients 

Fu  provide  the  necessary  energy  lor  missile 
propulsion,  a  rocket  motor  must  contain  fuel  and 
oxidizer  ingredients  that  combust  to  produce  the 
high  velocity  nozzle  gas  and  oilier  effluents  that 
propel  the  missile,  In  a  solid  rocket  motor  the 
I  ttcl  and  oxidizer  are  hound  closely  together  in  an 
elastomeric  hinder  matrix  that  provides  the 
necessary  structmal  properties  over  a  wide  range 
of  required  performance  and  storage  temperatures 
(as  broad  as  2!‘>K  to  3-44K).  The  binder  is 
tspicallv  a  fuel,  tilth',  tail.  In  some  propellant 
types,  the  binder  may  also  have  some  oxidizer 
molecules.  There  is  increasing  interest  in 
polymeric  energy..'.  hinders  which  definitely  have 
oxidizing  capabilities  ;  however,  these  do  not 
generally  eonlrihiiic  to  increased  plume  signature, 

fvvo  basic  types  of  propellant  are  in  wide 
use  today,  dotthle-lw.se  propellants  and  composite 
propellants.  Although  the  molecules  in  these 
propellants  differ  widely,  both  propellant  types 
are  based  upon  carbon,  oxygen,  hydrogen,  und 
nitrogen  atoms,  and  the  exhaust  products  that 
result  from  chamber  combustion  are  close  to 
equilibrium  concentrations  of  the  chemistry 
involved  under  nozzle  exit  conditions.  (The 
chamber  products  that  enter  the  nozzle  throat  are 
probably  very  close  to  equilibrium.  Some  non- 
equilibration  occurs  during  the  pressure  drop  of 
nozzle  expansion,  however,  this  has  little  effect  on 
such  major  species  like  C.'O,  CO-,,  and  HiO,  that 
strongly  influence  plume  infrared  signatures. 
Minor  species  like  Oil,  H,  H,  and  e-,  that 
influence  ultraviolet  end  radio-frequency  signa¬ 
tures,  are  more  strongly  affected  and  may  diverge 
significantly  from  equilibrium.) 

Double-base  < DQ)  propellants  ure  the  oldest 
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type  currently  in  use.  The  binder  system  is  r.et 
dependent  upon  the  curing  of  a  polymer  system, 
but  on  the  capability  of  the  nitropolymer  (nitro¬ 
cellulose  (NC)  is  often  used)  to  absorb  and 
desensitize  nitroglycerine  (NG).  Nitroplasticizcrs 
other  than  nitroglycerine  may  be  used.  They  may 
also  be  used  in  combination  with  polymeric 
isocyanate  curing  systems  with  polyurethane  or 
polyester  polymers.  Double-base  propellant  grains 
are  manufactured  both  by  extrusion  methods  and 
casting  methods.  Stabilizers  are.  added  to  the 
propellant  to  prevent  decomposition  of  the  nitro¬ 
glycerine.  Ballistic  modifiers  (i.c.  burning  rate 
catalysts)  arc  usually  added  to  tailor  double-base 
propellants  to  achieve  desired  motor  performance. 
These  catalysts  are  usually  lead  compounds,  such 
as  lead  rcsorcilatc,  citrate,  oxalate,  carbonate,  or 
others.  A  refractory,  such  us  zirconium  curhlde 
may  be  added  to  control  combustion  instability. 
All  mctal-bascd  additives  will  contribute  to  the 
exhaust  primary  smoke  signature,  although  the 
small  amounts  used  may  not  cause  serious  effects. 
Afterburning  in  the  exhausts  of  double-base  pro¬ 
pellant  rocket  motors  can  be  reduced  or 
eliminated  by  the  addition  of  certain  additives 
(for  example,  potassium  sulphate). 

The  need  to  improve  performance  of  con¬ 
ventional  propellants  for  tactical  and  strategic 
missiles  (DB  and  composite  propcllunts)  has  led  to 
the  development  of  advanced  energetic-hinder  pro¬ 
pellants  such  us  composite  modified  doohlc-bu.sc 
(CMDB).  The  CMDB  family  Includes  all  pro¬ 
pellants  containing  nitrate  ester-based  binder  in 
which  fillers  (oxidizers  and,  if  necessary,  metallic 
fuels)  arc  Incorporated.  Due  to  their  composition, 
these  propellants  are  intermediate  between  the 
DB  propellant  family  (NC  und  NG  or  other  liquid 
nitrate  ester)  and  the  composite  propellant  family 
(inert  hinder  plus  fillers).  CMDB  or  elastomer 
modified  cast  double-base  (EMCDB)  propellants 
may  contain  In  addition  to  NC  and  NG,  solids 
such  as  ammonium  perchlorate  (AP),  an  oxidizer; 
aluminium  (Al),  a  fuel;  or  nitraniincs,  such  us 
HMX  or  RDX.  The  last  two  tend  to  be  fuel  rich 
in  rocket  motor  combustion,  but  urc  themselves 
capuble  of  sustaining  combustion  and  arc,  in  fact, 
hoth  dctonablc  high  explosive  molecules.  Two 
very  different  processes  for  manufacturing  CMDB 
propellants  cun  be  used  :- 

(i)  A  casting  solvent  process  which  uses 
the  manufacturing  system  lor  tra¬ 
ditional  cast  double-base  (CUB)  pro¬ 
pellants  to  produce  composite  modified 
cast  double-base  (C'MC’DB)  propellants 
or  elastomer  modified  cast  double-base 
(EMCDB)  propellants,  if  an  isocyanate 


curable  elastomer  is  included. 

(ii)  A  slurry  cast  process  similar  to  that 
used  to  produce  composite  propellants. 
These  propellants  are  referred  to  as 
erosslinked  double-base  (XLDB)  pro¬ 
pellants  or  nitrate  ester  with  polycthcr 
or  polyester  binder  (NEPE)  propellants 
for  some  specific  high-energy  grains. 
XLDB  propellants  consist  of  an 
energetic  binder  based  on  Inert  poly¬ 
mers  such  as  polyesters  -  polyethcrs- 
polycaprolactone  plasticized  with  a 
high  level  of  liquid  nitrate  ester  such 
as  NQ-BTTN-TMETN  (nitroglycerine  - 
butalanetrloltrlnltrate-trimethylolethane 
trinitrate).  High  contents  of  fillers  aro 
Introduced  into  these  binders,  for 
example,  nitramincs  (RDX  or  HMX), 
nitramincs  and  AP,  or  nitramines  and 
AP  und  mctullic  fuel  (aluminium). 

Composite  propellants,  the  other  general 
class  of  propellants,  support  the  oxidizer  and  the 
fuel  us  fine  powders  in  u  rubbery,  cross-linked, 
isocyunutu-curcd  matrix,  culled  the  binder.  The 
oxldlscr  is  usuuily  AP  and  the  fuel  usually  Al, 
although  in  propcllunts  designed  to  produce 
reduced  levels  of  primary  smoke  the  binder  serves 
us  the  rucl.  The  matrix  may  comprise  as  little  as 
•W.  by  weight,  of  the  propellant.  Burning  rale 
luiloring  cun  be  accomplished,  within  limits,  by 
adjusting  the  particle  size  distribution  of  the 
AP.  To  achieve  highest  burning  rates,  Iron, 
copper,  or  chromium  containing  additives  urc 
used,  however,  these  additives  increase  the  hazard 
sensitivity  of  the  propellants.  AP  combustion 
rvlcuscs  HCI  into  the  exhuusts  of  composite  and 
CMDB  motors.  This  increases  the  propensity  to 
form  secondary  smoke.  The  chlorine  present  in 
composite  propellant  combustion  gases  spoils 
the  action  nr  afterburning-suppression  additives; 
thus  exhaust  afterburning  of  AP  containing  pro¬ 
pellants  cannot  be  suppressed  by  additives  (such 
us  potassium  sulphate)  In  the  propellant  or  motor 
combustion  chamber.  The  combustion  of 
aluminium  or  other  metals  results  in  fine  oxide 
particles  in  the  exhaust,  creating  primary  smoke 
in  close  proportion  to  the  amount  of  metal  in  the 
propellant. 

Other  particulate  oxidizers  that  might  be 
used  in  solid  motors  Include  potassium  perchlorate 
(KP)  and  untmonium  nitrate  (AN).  Requirements 
for  insensitive  munitions  may  lead  to  future  use 
of  these  oxidizers  for  special  applications.  Iodine 
pentoxide  and  lead  nitrate  have  also  shown 
potcntiul  as  oxidizers  in  high  density  propellants; 
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however,  the  former  is  a  scarce  and  expensive 
material  and  is  degraded  to  a  very  corrosive  acid 
by  small  amounts  of  water,  and  the  latter  is 
increasingly  prohibited  hy  environmental  pro¬ 
tection  laws  in  the  United  States.  Fluorine  based 
oxidizers  have  also  been  used  in  development 
systems,  and  some  fluorocarbon  binders  were 
successfully  employed  years  ago,  The  use  of  KP 
in  propellants  will  greatly  increase  ionization  in 
(he  plume,  and  may  prohibit  Its  use  in  certain 
applications,  KP  Is  less  energetic  than  AP  and 
there  arc  problems  In  trying  to  obtain  useful  burn¬ 
ing  rates  with  KP  oxidized  propellants  unless 
some  AP  is  added,  From  a  plume  signature 
standpoint,  KP  has  moru  disadvantages  limn  AP. 
AN  has  no  disadvantages  from  a  plume  signature 
standpoint,  hut  nickel  or  potassium  stabilizers 
(which  must  he  added  to  prevent  undesirable 
phase  transitions)  can  result  in  plume  signature 
difficulties, 

A  wide  variety  of  particulate  metallic  fuels 
might  be  used  in  solid  propellants,  depending  upon 
the  application;  zirconium  hydride  lias  appli¬ 
cations  in  high  density  propellants:  boron  and 
boron  hydrides  are  also  potential  fuels.  Insensitive 
munitions  requirements  may  lead  to  the  use  of 
these  fuels  to  maintain  high  motor  total  Impulse 
at  reduced  sensitivity,  by  increasing  propellant 
density.  Boron  is  used  us  a  ramjet  fuel.  Other 
fuels  bused  on  lithium  or  beryllium  were 
considered  in  the  past,  but  are  unlikely  to  he 
used;  lithium  because  it  is  very  hydroscopic  and 
beryllium  because  ii  is  extremely  toxic. 

Composite  propellants,  which  produce  unlv 
small  amounts  of  primary  smoke  ami  no 
secondary  smoke  over  a  wide  range  of 
atmospheric  conditions,  can  be  made  bv 
eliminating  A  I'  and  aluminium,  and  bv  using 
particles  of  AN,  and/or  nitrumines  (IIMX,  RDN, 
and,  perhaps  in  the  I  mure,  other  high-energy 
explosive  molecules),  Ingredients,  added  for  phase 
stabilization  or  combustion  stability,  or  derived 
from  the  combustion  of  mclal-based  ballistic 
modifiers,  will  contribute  meiul  oxides  to  exhaust 
smoke  or  increase  ionization  of  the  plume. 

Future  use  of  increasing  amounts  oi 
energetic  binders  and  plasticizers  in  solid  rocket 
propellants  is  anticipated.  This  should  not  quanti¬ 
tatively  cliungc  exhaust-plume  considerations.  The 
effects  oi'  additional  nitrogen  that  such  hinders 
contain  may  result  In  somewhat  cooler  plumes. 
The  reduced  solid  content  possible  in  propellants 
with  energetic  binders  niav  result  in  qualitative 
differences  in  plume  signatures  ami  other  effects. 


J.  1.2.2  Other  Factors 

Nozzle,  liner,  insulator,  and  inhibitor 
materials  may  contribute  to  the  motor  exhaust. 
Liners  for  internally  perforated  motor  grains  are 
often  the  rubbery  binder  matrix  material  of  the 
pro|>eiiant.  When  they  bum  (being  fuel  rich) 
during  motor  tailoff,  significant  quantities  of  soot 
may  be  exhausted.  Liners,  inhibitors,  and  insu¬ 
lators  may  have  fibrous  inorganic  materials  added 
to  improve  insulating  behaviour  and  leave  a 
charred  insulating  layer  even  after  organic  con¬ 
stituents  burn  away.  Asbestos  (hydrated  mag¬ 
nesium  silicate)  has  been  a  common  constituent, 
however,  taws  preventing  its  use  because  of 
carcinogenic  behaviour,  urc  forcing  a  search  for 
replacement  materials.  .Silicones  and  bulk  uramids 
are  being  considered  for  use  in  insulators. 
Inhibitors  and  liners  (often  the  same  material) 
may  contain  a  variety  of  metal  based  oxides  (for 
example,  calcium  silicate  |  Wollustonitel,  antimony 
oxide,  aluminium  oxide  hydrate,  titanium  dioxide, 
etc.)  or  carbon  black.  All  of  these  Ingredients  can 
contribute  to  the  exhaust  signature,  although  the 
contribution  will  depend  upon  how  well  the 
components  do  their  job.  If  char  layers  form,  as 
is  desired,  very  little  contribution  to  the  motor 
effluent  will  come  from  these  ingredients. 
Nozzles  arc  increasingly  fitted  with  graphite 
inserts  which  contribute  little  to  the  exhaust 
signature. 

Igniter  combustion  products  will  contribute 
momentarily  to  plume  effects  at  the  launch 
location.  Common  igniter  ingredients  (including 
potassium  nitrate,  sulphur,  charcoal,  boron,  KP, 
and  Al)  will  contribute  to  exhaust  smoke,  flush, 
and  ionization,  Recently  developed  "smokeless" 
igniters  lupo  been  designed  specifically  to  reduce 
or  eliminate  signature  effects. 

In  summary,  the  factors  that  must  be  con¬ 
trolled  in  solid  rocket  motor  design,  development, 
and  production  include  performance  (range, 
velocity,  miss  distance),  signature,  service  life 
(aging,  material  compatibility),  safety  (trans¬ 
portation,  storage,  insensitive  munitions),  pro- 
tlncibility,  and  cost.  Some  of  these  I'uctors  are 
synergistic  ia  their  influence.  This  report  is 
cm.  enivd  primarily  with  only  one  of  those 
fat.  tors  signature,  and  Imw  it  is  influenced  hy  all 
the  other  factors. 

3.2  Flume  Properties  In  Different  Flow  field 
Regions 

In  the  following  discussion  the  flow  field  is 
considered  in  four  regions  :  combustion  chamber. 
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nozzle  expansion,  base  region,  and  exhaust  plume. 
These  regions  have  been  selected  because  or  the 
unique  contributions  each  makes  to  exhaust  plume 
phenomena.  Figure  1-4  shows  the  latter  three  of 
these  regions,  although  only  the  last,  the  exhaust 
plume  region,  is  shown  in  any  detail,  and  that 
detail  is  fairly  complete  only  in  regard  to  shock 
structure. 

3.2.1  Combustion  Chamber 

Propellant  combustion  in  solid  rocket 
motors  creates  a  large  number  of  different 
molecular  species.  In  general,  solid  rocket 
propellants  ate  fuel  rich  (to  minimize  the 
molecular  weight  of  product  gases  and  thus 
maximize  the  impulse)  creating  a  surplus  of 
oxidizable  molecules  following  chamber  com¬ 
bustion.  These  molecules  may  subsequently  react 
with  atmospheric  oxygen  in  the  cxltuusi  plume  to 
cause  afterburning. 

Hydrogen  and  oxygen  are  atomic  con¬ 
stituents  of  all  current  solid  propellants,  Complete 
combustion  of  these  two  constituents  forms  water, 
which  although  a  gas  at  the  high  chamber  tem¬ 
perature,  may  condense  to  form  droplets  in  the 
exhaust  plume  if  ambient  atmospheric  conditions 
are  propitious. 

The  chlorine  present  in  the  ammonium  per¬ 
chlorate  of  composite  propellants  reacts  with 
hydrogen  in  the  combustion  chumhcr  to  form 
hydrogen  chloride  (HCI).  This  acidic  molecule 
readily  combines  with  water  at  lower  tempera¬ 
tures,  causing  saturation  vapour  pressures  well 
below  thore  for  water  alone,  and  the  consequent 
formation  of  droplets  in  the  exhaust  plume  at 
higher  ambient  temperatures  and  lower  ambient 
humidities. 

Aluminium  or  other  metals,  added  to  some 
propellants  to  increase  impulse,  result  in 
increased  combustion  temperature.  Some  of  these 
metals  form  compounds  which  condense  upon 
cooling  to  form  the  particles  observed  in  the 
exhaust  plume  as  primary  smoke. 

As  might  be  expected  at  the  high 
temperatures  of  chamber  combustion,  Ions 
(charged  molecules)  and  free  radicals  (uncharged 
molecular  fragments  that  arc  unstaH :  at  normal 
conditions  because  of  the  presence  of  an  unpaired 
electron!  are  created  in  the  motor  combustion 
process.  Those  free  rudleals  that  survive 
subsequent  nozzle  expansion  increase  the 
reactivity  of  the  exhaust  plume  since  their 
reaction  rates  are  higher  than  those  of  stable 


molecules.  Free  (unpaired)  electrons  are  also 
created  in  the  combustion  chamber,  and  some 
of  these  survive  nozzle  expansion. 

Solid  rocket  propellants  contain  a  number  of 
additives  at  low  concentrations.  Included  arc 
burning  rate  catalysts,  anti-instability  additives, 
and  afterburning  inhibitors.  Some  of  the  com¬ 
bustion  products  of  these  additives  may  condense 
in  the  exhaust  plume  to  form  particles,  and  some 
may  be  water  soluble  salts  which  have  an  effect 
on  water  simitar  to  that  of  HCI.  Additional 
particles  in  the  plume  may  come  from  erosion  of 
the  propellant,  liner,  insulator,  or  nozzle  during 
the  combustion  process. 

In  spite  of  attempts  to  stabilize  rocket 
motor  combustion  and  prevent  oscillatory  or 
uncontrolled  excursions  of  enumber  pressure 
during  combustion,  there  is  alwuys  some  level  of 
unsteadiness  in  the  combustion  pressure.  This 
results  in  flow  field  fluctuations  in  the  exhaust 
which  may  he  the  basis  for  some  of  the  exhaust 
plume  turbulence  that  Is  a.ways  observed. 

Computational  techniques  for  predicting 
equilibrium  concentrations  of  ehumber  combustion 
products  and  resulting  chamber  temperatures  and 
propulsive  performance  arc  avuilublc  in  all  NATO 
countries  [4|.  Variations  exist  in  the  calculations 
used  for  propulsive  performance  ;  the  simplest  cal¬ 
culations  assume  equilibrium  expansion  of  effluent 
through  the  nozzle.  More  sophisticated  techniques 
include  non-  equilibrium  chemical  effects  and 
particle  drag  effects  in  the  nozzle  expansion 
computation  and  even  generation  of  effluent 
particle  size  dix*  Iribution  [5],  The  results  of  such 
compulations  lor  predicting  nozzle  effluent 
temperatures  pressures,  species  concentrations, 
and  gus  velocity  can  be  used  as  the  starting  point 
lor  exhaust  pmme  compulations. 

This  has  summarized  the  rocket  motor  com¬ 
bustion  processes  that  arc  the  starling  point  for 
exhaust  plume  properties  and  their  effects. 

3,2.2  Nozzle  Expun.xlon 

Chamber  combustion  products  arc  forced 
through  the  motor  nozzle  by  the  pressure  in  the 
chamber.  The  gases  are  accelerated  as  they  are 
driven  towards  the  nozzle  throat  where  they  reach 
sonic  velocity  and  then  expand  as  they  flow 
through  the  expansion  cone  of  the  nozzle.  Nozzles 
of  tactical  motors  are  usually  fairly  short,  to 
reduce  missile  weight,  and  therefore  the  gases  are 
often  under-expanded  (that  is,  at  a  pressure 
greater  than  atmospheric)  when  they  emerge  from 
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the  nozzle  into  the  atmosphere.  The  end  of  the 
nozzle  is  the  beginning  of  the  exhaust  plume.  The 
exhaust  gases  accelerate  during  the  nozzle 
expansion  and  may  reach  velocities  as  high  as 
Mach  3.  which  for  some  exhausts  may  be  of  the 
order  of  3  kms'1, 

During  nozzle  expansion  the  pressure  rapidly 
drops  about  two  orders  of  magnitude  from  that 
in  the  chamber  (of  the  order  of  10sPa  (100  Atm|) 
to  approximately  ambient  atmospheric  pressure. 
During  the  expansion  there  is  a  tendency  for  some 
chemical  species  concentrations  to  ‘freeze''  rather 
than  continuing  the  reaction  process  to  their  equi¬ 
librium  concentrations.  The  departure  from  equi¬ 
librium  is  usually  not  very  great  for  major  species 
(such  as  H2O,  CC>2.  CO,  IIC1,  and  H2).  however, 
lor  minor  species,  including  free  radicals  (such  as 
O,  H,  and  OH)  and  ionic  species  the  departure 
may  be  substantial,  since  equilibrium  concen¬ 
trations  of  these  species  drop  very  rapidly  with 
decreasing  temperature. 

The  nozzle  expansion  proces-,  may  i>c  com¬ 
puted,  as  part  of  the  chamber  and  performance 
calculation  as  indicated  in  the  previous  subsection. 
It  is  also  possible  to  use  a  confined  How  model 
of  the  same  general  type  subsequently  used  to 
model  the  plume  free  How  starting  cither  in  the 
sonic  nozzle  or  in  the  chamber,  upstream  of  the 
throat  (6). 

3.2.3  Base  Region 

In  general,  the  exhaust  plume  of  a  rdeket 
motor  fired  statically  can  he  calculated  without 
regard  to  the  shape  of  the  rocket  motor  itself. 
However,  for  missiles  in  flight,  the  shape  of  the 
missile,  the  angle  of  attack,  the  velocity,  and 
altitude  ail  interact  and  create  a  >w  separation 
phenomenon  that  occurs  in  the  base  region  of 
the  missile  referred  to  as  ‘base  flow."  Base  How 
can  have  a  profound  effect  on  the  downstream 
exhaust  plume. 

Ir.  the  simplest  cases  of  base  Dow  effects  on 
exhaust  plumes,  (he  effects  are  due  purely  to  gas- 
dynamics  and  result  in  modifications  to  the 
pressure  field  at  the  base  of  the  missile.  In  more 
complex  situations,  the  recirculation  ami  mixing 
uf  exhaust  and  atmospheric  gases  in  the  base 
region  results  in  ignition  and  combustion.  This 
can  drastically  change  the  distribution  of  heat  and 
all  related  properties  in  the  exhaust  plume  from 
those  values  listing  under  static  firing  con¬ 
ditions,  or  even  from  very  similar  conditions 
without  base  combustion.  The  effect  of  base  com¬ 
bustion  on  the  exhaust  plume  is  most  significant 


in  fairly  cool  exhausts  that  do  not  ignite  unless 
there  is  some  additional  heat  source  or  Hame- 
liolding  action,  such  as  that  caused  by  base-flow 
mixing.  The  effect  is  dramatically  apparent  in 
optical  emissions  and  in  measured  exhaust  plume- 
microwave  attenuation  (7). 

Base  combustion  will  distort  he  downstream 
exhaust  plume  flow  field  from  the  geometry  it 
would  otherwise  have.  It  also  changes  all  local 
downstream  plume  properties  (7-9).  The  base 
ignition  and  combustion  phenomena  may  be 
unsteady  under  some  conditions,  and  result  in 
very  dramatic  fluctuations  in  apparent  plume  size 
and  all  plume  properties  dependent  on  tempera¬ 
ture.  The  base  flow  will  be  strongly  affected  by 
(he  angle  between  the  missile  velocity  and  the 
nozzle  cenlrc-line  (angle-of-attack),  also  from  bow 
shock  and  control  surface  wake  effects. 

These  remarks  on  base  llow  arc  based  on 
in-flight  and  wind  tunnel  observations.  Compu¬ 
tations  of  base  How  with  chemical  reactions  arc 
difficult  and  very  lime  consuming;  however, 
functional  computer  programs  have  lieen 
ilevclujied  and  are  operational  in  the  United 
Kingdom  mid  France  (see  references  to  3AFL  and 
AJAX  codes  in  Appendix  3  of  this  report). 
Equally,  the  U.S.  has  Ihc  capability  to  analyse  the 
full  base  llow  problem  using  both  research  and 
production  codes.  These  programs  are  thought 
capable  of  accurately  predicting  measurable 
features  of  the  base  flow  region,  such  as  static 
pressure,  as  well  as  the  effect  on  downstream 
plume  proper' ies.  For  practical  purposes,  the  base 
Dow  region  can  he  neglected  for  situations 
where  :■ 

(i)  ihc  nozzle  lip  Is  very  thin  compared  to 
Ihc  nozzle  exit  radius. 

(ii)  the  missile  velocity  is  very  low 
compared  lo  the  nozzle  flow  velocity 
(VmcO.l  Vn). 

(iii)  no  important  chemistry  occurs  in  the 
base  region  to  modify  the  downstream 
riowficld  or  chemistry. 

The  foregoing  considerations  apply  generally, 
although  they  are  most  easily  visualized  and  com¬ 
puted  for  axisymmctric  missiles  and  exhaust 
plumes. 

3.2.4  Exhaust  Plume 

Previously  in  this  section,  the  upstream 
contributions  that  influence  Ihc  exhaust  plume 
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have  been  introduced  except  for  one,  that  of  the 
atmospheric  flowfield.  Frcc-strcvm  atmospheric 
How  interactions  with  the  missile  body  influence 
the  flowfield  further  downstream  where  atmos¬ 
pheric  flow  interacts  in  the  missile  base  region 
and  subsequently  with  the  nozzle  effluent, 

Thus  there  are  the  following  contributions  to  the 
exhaust  plume 

(1)  the  chamber  combustion  flow  as  it  is 
ejected  by  the  nozzle. 

(ii)  the  interaction  of  the  atmospheric  flow 
field  with  the  nozzle  effluent  in  the 
base-region  of  the  missile. 

(iii)  the  interaction  of  the  atmospheric 
flow  field  further  downstream  with  the 
effluent  of  the  base  region  and  the 
exhaust  jet.  This  last  interaction  occurs 
over  the  entire  length  of  the  exhaust 
plume. 

These  contributions  to  the  exhaust  plume  must  he 
considered  with  the  earlier  caveats  of  this  section. 

3.2.4. 1  Computation  of  Steutly-Stute  Plume 
Flowfield  Structure 

Computer  programs  currently  in  use  to 
predict  plume  properties  and  effects  arc  lust'd  on 
the  assumption  that  plume  flow fields  can  be 
described  by  steady-state  solutions  of  the  Navier- 
Stokes  equation  |9-I2|.  Information  on  a  number 
of  these  codes  is  given  in  Appendix  3  of  this 
report.  To  accomplish  this,  ihe  equation  is  solved 
hy  finite-difference  methods  with  assumptions 
governing  first:  the  introduction  and  effect  of 
mixing  between  the  diluent  ami  atmospheric  flow- 
fields,  and  second;  the  paths  along  which  t  illite¬ 
rate  chemical  reactions  occur.  The  results  of 
computations  using  these  methods  arc  often  in 
reasonable  agreement  with  measured  data  for  a 
number  of  plume  properties.  For  example,  the 
total  IR  radiation  from  un  exhaust  plume  can 
usually  he  predicted  to  an  accuracy  factor 
between  2  and  4,  as  can  the  average  peak  values 
of  IR  station  tadiation.  Microwave  attenuation 
cau  usually  he  predicted  with  an  accuracy  of  ±3 
db  (a  factor  of  2).  Primary  and  secondary  smoke 
spatial  profiles  and  effects  can  oiler,  iic  predicted 
quite  accurately  on  the  basis  or  steady-state  plume 
now  field  assumptions.  The  codes  do  not  model 
fine  turbulent  und  temporal  effects. 


3.2.4.2  Weaknesses  of  Steady-State  Plume 
Flowfield  Calculations 

The  weaknesses  of  the  steady-state 
assumptions  first  become  apparent  when  one 
attempts  to  calculate  plume  properties  or  plume 
effects  that  depend  upon  timc-dcpenHcnt  aspects 
of  the  exhaust  plume  flow  field.  For  example, 
scattering  of  microwave  radiation  by  fairly  sharp 
gradients  in  the  frce-clcctron  concentration  seems 
to  be  responsible  for  observed  levels  of  RF*noise 
and  radar  cross  section  (RCS)  (131.  Computations 
of  these  phenomena  cannot  be  made  with  the 
parameters  generated  by  steady-slate  How-field 
models.  A  turbulent,  time-dependent  structure 
must  be  superimposed  upon  the  computed  steady- 
state  flow  field.  This  cun  only  he  done  with  the 
current  computer  programs  by  artificially  formu¬ 
lating  the  turbulence  properties  of  the  exhaust 
plume  and  superimposing  them  upon  the  steady- 
stale  profiles  |14|.  Measured  real-time  (rather 
than  time-averaged)  values  of  exhaust  plume  IR 
emissions  lend  to  lluctuatc  by  at  least  50%  around 
Hie  localized  spatial  average  vulues,  a  clear 
indication  that  tinmlcpcndcnt  plume  phenomena 
arc  real  |  IS|.  Temporal  fluctuations  will  tend  to  be 
reduced  for  lull-plume  signatures  because  of 
spatial  averaging. 

If  the  time-dependent  behaviour  or  the 
exhaust  plume  is  real,  and  if  It  is  based  upon 
underlying  turbulence,  u  number  of  questions 
emerge 

(i)  Does  the  turbulent  line-structure 
influence  the  mixing  and  chemical 
reactions  occurring  between  the  atmos¬ 
pheric  flow  field  and  the  exhaust 
"source  flow"  in  u  manner  more 
complex  than  steady-state  formulations 
can  solve? 

(ii)  Do  the  local  heat  and  pressure 
fluctuations  generated  hy  the  localized 
turbulent  chemical  icactions  feed  back 
to  modify  the  instantaneous  turbulent 
struclurc  of  the  flow  field? 

(iil)  How  do  the  time-averaged  exhaust 

plume  properties  and  effects,  based 
upon  fluctuating  phenomena,  differ 
from  the  "average"  values  that  are 
computed  on  the  basis  of  steady-state 
flow-field  assumptions?  Are  there 
important  local  differences  in  values? 
Averaged  differences? 
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(iv)  What  experiments  could  be  performed 

to  determine  the  importance  and 

nature  of  the  time-dependent  effects 
on  exhaust  plume  properties? 

(v)  How  could  time-dependent  exhaust 
plume  computer  programs  be  formu¬ 
lated  so  that  they  would  give  accurate 
results  and  be  practical  to  use? 

(vi)  Is  there  important  information  in  the 
fluctuating  signatures  or  exhaust 
plumes  that  would  be  of  military 
significance  and  would  affect  related 
work  by  NATO  countries  and  this 
working  group? 

3.2. 4. 3  Exhaust  Plume  Contributions  to 

Radiation  Signature 

What  follows,  in  this  section,  to  the  extent 
it  is  based  on  the  results  of  current  steady-state 
exhaust-plume  computer  programs,  should  lie 
treated  cautiously ;  however,  the  information  is 
probably  qualitatively  correct. 

The  contributions  of  exhaust  products  to  IR 
emission  and  microwave  interference  Increase 
with  Increasing  exhaust  plume  temperature.  There¬ 
fore,  these  contributions  tend  to  he  stronger  in 
the  presence  of  afterburning  and  behind  strong 
shock  waves.  Since  low-ailllude  shock  waves  are 
rather  small,  and  the  afterburning  plume  region 
(should  one  exist)  is  quite  large,  the  latter  is  by 
far  the  tnajur  l.ietor  in  tactical  missile  signatures. 
The  increases  in  emissivity  and  free  electrons  are 
very  sensitive  to  temperature  increases  (they  tend 
to  follow  power  or  exponential  relationships  to 
temperature).  Carbon  dioxide  (COi)  is  a  major 
source  of  IR  radiation  in  tactical  exhaust  plumes 
and,  In  spite  of  a  strong  atmospheric  CO?  absor¬ 
ption  band,  the  major  source  ol  detectable  IR 
signature  in  some  important  wavelength  regimes. 
Combustion  of  carbon  monoxide  (CO)  to  I'oim 
C02  is  one  of  the  major  reactions  contributing  to 
exhaust  plume  afterburning  (the  other  is  the  for¬ 
mation  of  water,  HjO,  from  various  hydrogen  uml 
oxygen  containing  radicals)  and  the  resulting 
increase  in  C02  concentration  also  increases  the 
IR  emission  in  and  downstream  of  the  after¬ 
burning  region  of  the  exhaust  plume.  Other  mole¬ 
cular  species,  including  H20,  CO,  and  HCI  also 
contribute  measurably  to  the  IR  emission  signa¬ 
ture.  Some  self-absorption  of  radiation  occurs 
within  the  exhaust  plume  as  emissions  from  hot 
inner  regions  pass  through  cooler  regions  into  the 
atmosphere.  Additional  signature  losses  occur  us 
a  result  of  absorption  and  scattering  along  the 


atmospheric  path  from  the  exhaust  plume  to  any 
sensor. 

Solid  particles  in  the  plume  emit  continuum 
radiation  in  approximate  proportion  to  the  particle 
concentration  and  the  fourth  power  of  their  sur¬ 
face  temperatures.  Specific  details  of  size 
distribution  and  optical  properties  of  the  particles 
significantly  arfect  this  emission.  Plume  particu¬ 
lates  also  scatter  radiation,  and  promote  an  effect 
which  may  be  observed  as  local  anomalies  In  the 
intensity  of  IR  emissions  that  depend  on  the 
spatial  distribution  of  the  plume's  emitting 
sources.  One  of  the  more  dramatic  example*  of 
this  behaviour  is  the  so-called  "search-light  effect," 
in  which  "black-body"  radiation  from  the  nozzle 
throat  (i.e„  from  the  combustion  chamber)  is 
scattered  by  particulates  in  the  plume,  and  thus 
appears  to  originate  from  the  plume. 

IR  rudialion  results  from  quantum  effects. 
The  emission  of  radiation  from  energy-releasing 
transitions  in  molecular  rotation-vibration  levels 
is  responsible  for  molecular  radiation,  and  thus 
should  follow  locul  gas  temperature  fluctuations. 
Particle  radiation,  obeying  the  Planck  function 
(also  a  quantum  effect)  will  tend  to  lag  local  gas 
temperatures  because  of  thermal  lag  effects  within 
the  particles  (the  amount  of  lag  is  affected  by 
particle  size,  and  of  course,  any  major  exothermic 
or  endothermic  transitions  tliut  affect  the  par¬ 
ticles).  Particle  scattering  effects  should  be 
relatively  independent  of  temperature,  except  to 
the  extent  that  particle  optical  properties  change 
with  temperature  und  that  the  radiation  being 
scattered  fluctuates  at  its  source. 

Visible  and  ultraviolet  (UV)  radiation 
should  follow  local  temperature  fluctuations  very 
closely  since  the  former  are  generally  due  to 
changes  in  atomic  electronic  states,  and  the 
latter,  generally,  to  radiation  emitted  during  free 
radical  reactions,  which  arc  part  of  the  source  of 
the  afterburning  temperature  changes.  There  will 
also  be  some  amounts  of  visible  and  UV  radiation 
'.-milled  by  hot  particles  in  the  exhaust,  and  the 
hotter  the  particles,  the  greater  the  Intensity  of 
the  radiation.  Also  the  peak  wavelength  of  particle 
radiation  shifts  toward  shorter  wavelengths 
(higher  energy  photons)  as  the  particles  get  hotter, 
in  accord  with  the  Planck  function. 

More  details  on  plume  radiation  are  given  in 
Section  3.3.1  and  in  Chapter  5  of  this  report. 

3. 2. 4. 4  Exhaust  Plume  Ionization 

Frcc-electron  production  occurs  as  a  result 
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of  reactions,  some  of  them  multi-step,  that 
accelerate  at  high  temperatures  and  pressures. 
Free  electrons  will  persist  for  some  short  time 
after  they  are  formed,  until  recombination  by 
collision  with  other  species  occurs  (recombination 
will  therefore  be  slower  at  higher  altitudes). 
Therefore,  one  would  expect  some  differences 
between  the  effects  of  turbulence  on  emission  and 
its  effects  on  RF-Intcrferencc  phenomena.  More 
details  arc  given  in  Section  3.3.2.2  and  in  Chapter 
6  of  this  report. 

3.2. 4. 5  Exhaust  Plume  Particles  and  Smoke 

Downstream  of  the  plume  afterburning 
region,  the  emission  and  free  electron  effects 
decrease  fairly  rapidly,  more  rapidly  at  lower 
altitudes  than  at  higher.  In  this  downstream 
(wake)  region,  which  may  extend  for  many  kilo¬ 
metres,  primary  and  secondary  smoke  effects 
have  their  greatest  importance.  The  particles, 
which  in  the  aggregate,  form  primary  smoke,  are 
in  general,  the  same  particles  (hat  radiuled  and 
scattered  In  the  afterburning  region  of  the  exhaust 
plume.  Additional  species  of  particles  may  also 
form  by  condensation  at  the  lower  temperatures 
that  follow  the  afterburning  region.  Particle  mass 
fractions  as  low  as  0.01  (ic„  1  %)  of  the  nozzle 
effluent  can  affect  plume  visibility  or  transmission 
to  a  degree  that  may  be  of  tactical  or  operational 
importance  in  some  situations.  Although  the  par¬ 
ticles  generally  exist  everywhere  downstream  of 
the  nozzle,  in  practical  terms  they  assume  impor¬ 
tance  only  because  their  spatial  extent  is  so  great 
that  they  can  be  perceived  from  long  distances. 
Extreme  attenuation  or  laser  guidance  beams  can 
occur  during  transmission  through  these  consider¬ 
able  lengths  of  exhaust  plume  smoke  |lf>-Ui|. 
More  details  on  primary  smoke  are  given  in 
Section  3.3.2. 1  and  in  Chapter  3  or  this  report. 

Secondary  smoke,  which  is  operationally 
important  for  the  same  reasons  as  primary  smoke, 
forms  oniy  in  regions  of  the  exhaust  plume  where 
the  local  vapour  pressure  of  the  condensable 
species  (usually  water,  water  and  HCI  and/or  HF, 
or  water  and  some  soluble  salts)  exceeds  their 
saturation  vapour  pressure  at  the  local  tempera¬ 
ture  and  pressure  for  the  sizes  of  condensation 
nuclei  (primary  smoke  particles)  present  ( 19-21 1. 

Secondary  srnokc  is  comprised  all  or  pre¬ 
dominantly  of  water  droplets.  Secondary  smoke 
in  exhaust  plumes  that  contain  HCI  uml/or  HF 
will  start  to  form  at  highii  temperatures  and 
lower  ambient  moisture  levels  than  for  plumes 
without  the  acid  vapours.  At  any  given  atmos¬ 
pheric  conditions,  secondary  ike  will  be 


thicker  (larger  droplets  and  perhaps  more  drop¬ 
lets)  in  the  presence  of  acid  vapours  than  in  their 
absence. 

Exhaust  plume  afterburning  affects  the 
formation  of  secondary  smoke  by  producing 
additional  water  in  the  plume,  which  tends  to 
enhance  subsequent  condensation  and  secondary 
smoke  formation.  By  adding  more  heat  to  the 
plume,  the  afterburning  delays  condensation  to 
locations  further  downstream  and,  in  marginal 
situations,  may  prevent  condensation  altogether. 

Because  mixing  and  chemical  reactions  do 
not  scale  with  plume  size  and  missile  velocity  in 
the  same  way,  afterburning  may  be  significantly 
different  for  exhaust  plumes  of  the  same 
propellant  fired  under  different  conditions  of 
these  variables.  Therefore  care  must  be  taken 
when  extrapolating  the  results  or  condensation 
measurements  on  small  motors,  fired  statically, 
to  cases  under  flight  conditions,  even  for  a 
phenomenon  us  apparently  simple  and  straight 
forward  us  secondary  smoke  formation. 

When  secondary  smoke  forms  in  plumes 
containing  significant  amounts  of  primary  smoke 
the  total  effect  on  visibility  and  obscuration  is 
roughly  the  sum  of  the  individual  effects  until 
(he  optical  density  (optical  depth)  exceeds  some 
value  at  which  non-linear  effects  assume 
increasing  importance  |17-1K|,  More  details  on 
secondary  smoke  are  given  in  Section  3.3.2. 1  and 
in  Chapter  4  of  this  report. 

3.3  Plume  Effects 

This  section  is  distinguished  from  the 
previous  one  by  its  more  in-depth,  although  still 
cursory,  treatment  of  the  specific  phenomena 
believed  to  be  responsible  for  tactically  important 
plume  effects.  The  effects  examined  arc  ;• 

(i)  Emitted  (radiation)  signature  effects 

a,  infrared 
h,  visible 
c.  ultraviolet 

(ii)  Interaction  signature  effects 

a.  smoke  signatures 

b,  microwave  interference 

3.3.1  Emitted  (Radiation)  Signature  Effects 

Table  1.1  summarizes  "state-of-the-art"  of 
rocket  exhaust  plume  radiation  signatures. 
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3.3. 1.1  Infrared 

Infrared  radiation  emitted  by  the  low 
altitude  and  medium  altitude  exhaust  plumes  of 
tactical  missiles  derives  from  two  major  sources; 
molecular  emission  and  particle  emission  (22-24 1. 
Molecular  radiation  originates  with  energy  input 
to,  or  excitation  of,  a  molecule.  When  the  excited 
molecule  returns  to  a  lower  energy  state,  a  photon 
is  emitted.  Variations  in  the  excitation  process 
result  in  emitted  energy  that  may  be  described  as 
phosphorescence,  fluorescence,  chemilu¬ 
minescence,  X-rays,  millimetre  waves,  radio¬ 
frequency  waves,  etc.  The  emitted  photons  are 
characterized  by  a  wavelength  or  frequency, 
which  is  directly  related  to  the  energy  of  un 
individual  photon  by  (he  Planck  constant  (h). 
Often  the  term  "wavenumber,"  which  is  the 
reciprocal  or  wavclcngih  in  units  of  cm'1,  is  used. 
Emitted  and  received  spectra  will  typically  be 
described  by  some  measure  of  power  < watts)  vs. 
one  of  these  three  measures  of  the  photon  energy. 

The  Infrared  region  of  the  electromagnetic 
spectrum  cgn  he  characterized  by  wavelengths 
between  approximately  ().7/mi  and  lOII/mi  (see 
Fig  1-5  for  u  survey  of  the  entire  electromagnetic 
spectrum).  The  emission  of  radiation  in  this 
spectral  region  is  dominated  by  rotation-v  ibration 
transitions  of  molecules.  However,  the  far-infrared 
(wavelengths  longer  than  approximately  H)/tm) 
also  includes  radiation  contributions  from  pure 
rotational  transitions;  some  electronic  transitions 
occur  in  the  near-infrared. 

When  the  energy  state  of  a  molecule 
undergoes  a  photon  emitting  transition,  the  change 
occurs  between  two  very  precisely  defined  states. 
The  quantum  theory  accurately  describes  the 
energy  stales  in  which  a  molecule  can  exist  and 
the  rules  for  transitions  between  those  states.  The 
quantized  energy  differences  between  the 
rotational  states  arc  smaller  than  those  between 
the  vibrational  stales,  and  according  to  the  quan¬ 
tum  rules  (fully  verified  by  observation)  some 
transitions  between  vihrationul  stales  are  also 
accompanied  by  a  transition  between  rotational 
states.  Therefore,  the  molecular  emission  spectrum 
of  any  molecule  is  denned  with  absolute  accuracy. 
The  photons  emitted  in  these  transitions  define  a 
line  spectrum,  However,  In  pructicc,  each  spectral 
line  is  broadened  about  the  central  frequency 
corresponding  to  the  transition  by  three  pro¬ 
cesses  :  natural  broadening  caused  by  unavoidable 
uncertainty  in  energy  levels,  collision  broadening 
due  lo  perturbation  of  energy  levels  by  molecular 
collisions,  and  Doppler  broadening  due  to 
thermally  caused  motion  of  molecules  relative  to 
the  observer.  As  a  result  of  such  broadening,  the 


emission  spectra  of  some  molecules  appear  to  be 
continuous  (to  some  degree  of  resolution)  over  a 
"band"  of  the  spectrum.  Figure  1-6  illustrates 
plume  infrared  emission  (and  absorption)  data 
over  a  fairly  wide  spectral  range.  Bands  for  H20, 
C()2,  and  CO  tan  be  clearly  seen.  Line  structure 
on  these  hands  is  apparent  as  well. 

A  line-by-line  computation  of  all  the  mole¬ 
cular  contributions  to  the  infrared  spectrum  of  an 
exhaust  plume  would  eicariy  be  difficult  to  set  up 
und  time  consuming  to  perform.  Band  models 
have  been  developed  to  simplify  the  calculation  of 
infrared  spectra.  Band  models  arc  commonly 
divided  Into  three  classes :  the  regular  model,  the 
statistical  or  random  models,  and  the  mixed 
models.  The  regular  model  considers  absorption 
(or  emission)  by  identical,  equally  spaced  lines. 
This  approximates  the  spectra  of  many  diatomic 
molecules,  such  as  HF  or  NO,  Random  models 
assume  that  all  lines  have  the  same  line  shape,  but 
are  randomly  distributed  with  a  specified  line 
strength  (or  intensity)  distribution,  With  proper 
choices  of  the  intensity  distribution  function,  the 
random  models  approximate  features  of  polyato¬ 
mic  molecules  such  as  H,(),  and  CO.,.  Mixed 
models  interpolate  between  Ihc  limits  of  regularity 
and  randomness  of  the  other  two  models. 

Considerable  complexity  can  be  incorporated 
into  a  hand  model,  however,  for  most  uses,  when 
the  line  density  is  high,  a  hand  model  that  gives  a 
smooth  curve  of  absorption  coefficient  vs.  wave¬ 
length  is  sufficient  (Fig  1-7).  A  complete  hand 
model  will  include  the  general  effect  of  tempera¬ 
ture  (shown  for  the  4.3/jm  COj  hand  In  Fig  1-S). 
This  permits  hand  models  to  be  used  for  both 
emission  and  absorption  calculations,  with  the 
reservations  described  later. 

Baud  models  arc  also  used  to  calculate 
atmospheric  absorption  of  radiation  by  molecular 
transitions,  for  example  in  the  widely  used 
LOWTRAN  computer  program  (25).  Difficulties 
may  occur  if  band  models  are  used  to  calculate 
both  source-emitted  radiution  and  absorption 
along  the  propagation  path.  These  difficulties 
occur  because  the  band  model  Is  just  a  model,  a 
curve  fit,  based  on  fitting  scientific  data,  but  not 
containing  scientific  fundamentals,  and  Ihc  failure 
of  band  models  are  due  lo  their  insensitivity  to 
line-correlation  phenomena.  The  band  models  arc 
i  mdc  bv  fitting  discrete,  though  broadened,  line 
spectra  with  a  continuous  curve.  In  actual 
emission-absorption  situations,  radiation  will  be 
absorbed  by  a  molecule  only  if  its  photon  energy 
(wavelength)  corresponds  exactly  lo  an  allowed 
energy  transition  of  the  molecule  -  that  is,  an 


exact  correlation.  However,  in  the  band  model 
calculation,  a  specific  resolution  is  selected 
(usually  in  wavenumber  units,  cm'1,  for  example  : 
25,  5,  1,  etc.)  and  that  interval  of  the  ‘absorption* 
band  is  activated  for  either  emission  or  absorp¬ 
tion,  as  appropriate  to  the  problem  at  hand.  This 
is  not  a  bad  assumption  if  cither  the  emitter  or 
absorber  is  quantized.  However,  if  both  arc 
quantized,  it  is  easy  to  see  that  wavelengths  that 


arc  not  exactly  the  same  may  be  calculated  to 
interact,  while  in  practice  they  would  not.  This 
line-correlation  problem  may  occur  when 
calculating  exhaust  plume  self-absorption  as 
well  as  atmospheric  absorption.  The  problem 
can  occur  for  absorption  due  to  the  same 
species  of  molecule  that  emitted  the  radiation 
or  for  a  different  species. 


TABLE  U 

ROCKET  EXHAUST  PLUME  EMITTED  RADIATION  STATE-OF-THE  ART  (Ref  22) 


Wavelength 

< m ) 

Ultraviolet 

<UV) 

0.2  to  0.4 


Visible 

(Vis) 

0.04  to  0.6 


Near  labored 
(NIK) 

0.8  lo  2.0 


Short  Wave 

Infrared 

(SWIR) 

2.0  to  4.0 


Middle  wove 

Infrared 

(MWtR) 

4.0  lo  8.0 


Long  Wave 

Infrared 

(LWIR) 

8.0  lo  100 


Phenomenological 

Understanding 

Fair 

Controversy  over 
radiation  mechanisms 
CO  +  o 
Oil  (A I 
particles 

Fair 

Atomic  transitions  of 
minor  s|wcios,  Na,  K 
(thermal  vs  chemi¬ 
luminescence  issue) 

Solar  scattering  from 
smoke 

Search  light  effect 
flood 

Atomic  Irniisllioni  with 
overtones  or  molecular 
vibration  -rotation 
transition  (N2O) 
Pnrticnlntcs 

tilackhody  peaks  in  NIK 
for  most  plumes 

Very  good 
Molecular  vibration- 
rotation  liands  (CO>,  II2O, 
IIP.  IICI) 

Particulates 


Very  flood 
Molecular  vibraliou- 
rotation  bands  (CO2  CO. 
NO.  II2O) 

Particiilnlos 


fair 

Particulate  thermal 
emission  plus  scattering 
of  solar  and  carthsliine 
Molecular  hybrhlc  rotation 
(HF.IICI.ll2O> 

Molecular  (tending  vibra¬ 
tions  (CO2,  Nlljl 


Observational  llase 
(Data) 

Fair  and  increasing 
Small  tactical  missiles 
wiili  data  vnlidity 
ipicsdons 

Some  large  missiles 


l  argely  photographic  data 
Some  ipiantilalivc  S|>cctra 


Poor 

Some  i|iiaiililal!vo  spectra 


Prediction  Capability 

®  Poor 

®  lirrors  up  to  a  factor  of  10^ 


®  Probably  poor  bin  relatively 
untested 

®  terrors  up  lo  a  factor  of  lt)2 
for  trace  species 

®  lirrors  probably  considerably 
less  than  a  factor  of  10  for 
smoke 


®  Probably  fair  but  relatively 
untested 


Very  good 

Field  mid  wind  liinuel  dale 
giving  spatial  and  s|K‘ctrnl 
details  - 

10  to  500,1)01)  lb 
thrust,  many 
pro|X'llnnts.  ground -lo- 
space  condttums 

Very  flood 

Field  and  wind  lunncl  data 
giving  spalial  and  spectral 
details 

10  lo  500,000  lb  thrusl.. 
many  pro|>e!lami,  groud- 
lo-specc  condllliiiis 


F'nir 

High  nliilmle  data  base 
available  in  die  8  lo  25 Rm 
region 


flood 

Molecular  band  predictions 
can  lie  made  with  ±  30* 
errors  •  I irrors  of  up  to  a 
factor  of  3  occur  fur  some 
altitudes  and  propellants 
Particulate  signatures  are 
mil  reliably  predicted 

flood 

Molecular  band  predictions 
can  be  made  with  ±  30* 
errors.  Erros  of  up  lo  a 
factor  of  3  occur  for  some 
altitudes  and  propellants 
Particulate  signatures  are 
not  reliably  predicted 

Poor 

Particulate  and  hydride 
molecular  rotational  systems 
predictions  can  be  made  to  a 
factor  of  5 

Moleculnlc  vibrational 
predictions  can  tic  made  up 
lo  a  factor  of  20 
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This  kind  of  error  tan  Ik  avoided  by 
calculating  the  contribution  from  each  individual 
line.  Such  line-by-line  calculations  can  be  very 
cumbersome  in  spectral  regions  with  many  close 
or  overlapping  lines.  However,  when  only  a  lew 
lines  arc  present,  line-by-line  calculations  can  be 
tractable,  and  in  fact,  this  procedure  is  used  to 
calculate  HCI  spectra  in  some  exhaust  plume 
computer  programs. 

All  radiation  sources  emit  more  strongly  at 
high  rather  than  low  temperatures.  This  is  so 
because  at  high  temperatures  the  higher  quantum 
states  are  more  heavily  populated.  This  is  even 
true  of  particulate  radiation  which  follows  the 
Planck  function  (shown  as  black-body  radiation 
curves  in  Figures  1-0  for  both  wavelength  and 
wavenumber  units).  The  difficulties  with  calcu¬ 
lating  particulate  radiutlon,  absorption,  and 
scattering  in  exhaust  plumes  are  that  we  do  not 
know  the  exact  size  distribution  of  (be  particles, 
the  optical  properties  as  functions  of  tempera¬ 
ture  and,  even  if  we  knew  those  two  important 
parameters,  we  don't  know  the  particle  shapes. 
Particles  in  exhaust  pluincs  are  usually  not  pure 
substances,  for  example,  aluminium  oxide 
particles  in  exhaust  plumes  are  contaminated 
sufficiently  to  make  their  absorption  coefficient 
much  different  from  that  of  the  pure  material. 
Therefore,  even  the  most  careful  measurements 
of  pure,  finely  divided  substances  would  not 
provide  the  necessary  optical  properly  data  lor 
use  In  calculating  plume  panicle  emission, 
absorption,  and  scattering  effects.  Furthermore, 
the  optieul  properly  data  arc  needed  over  the 
entire  temperature  range  of  interest  in  the  plume. 

Approximations  to  particulate  sealiering  can 
Ik  based  on  adjusting  the  b'ack-body  radiation 
curve  (Fig  1-'))  for  the  emlsslvity  of  the  radiating 
particles,  for  the  panicle  si/e  distribution  (or 
effective  particle  size),  and  for  the  number 
density  of  the  particles  (particle-cloud  density) 
[23|.  In  practice  this  can  lie  complicated, 
although  for  the  purposes  or  this  overview  it  is 
clear  that  the  result  is  continuum  radiation  with  a 
spectral  distribution  that  depends  on  the  particle 
temperatures.  One  can  judge,  by  examining 
Figures  1-9,  that  for  a  typicul  plume  afterburning 
region  at  2500K  the  continuum  particle  radiation 
(per  nm)  will  peak  at  a  wavelength  about  l.t/uu 
and  will  be  an  order  of  magnitude  lower  at  4/mi 
und  drop  another  order  of  magnitude  by  7/tm. 

Determining  the  si/.e  distribution  of  plume 
panicles  is  difficult,  complicated  by  the  problem 
of  never  being  certain  (hat  all  particles  have  been 
measured  or  that  the  distribution  contains  those 


important  particles  of  interest.  As  an  example, 
for  radiation  scattering,  the  important  particle 
si/.es  are  comparable  to  and  larger  than  the 
irradiating  wavelength.  Therefore,  in  the  visible, 
the  important  particle  sizes  arc  different  from 
those  in  the  infrared.  Exhaust  plume  particle 
number  densities  (at  least  for  aluminium  oxide) 
tend  to  be  higher  for  smaller  particles  and 
decrease  with  increasing  particle  radius.  In 
general  the  largest  10%  of  the  particles  have  90% 
of  the  mass.  Particle  si/c  distributions  are  often 
specified  according  to  the  reason  for  interest  in 
them.  Caution  is  necessary  when  using  calculated 
particle  si/c  distributions  (or  sometimes,  even 
distributions  derived  from  measurements)  for  a 
purpose  other  than  that  for  which  they  were 
intended.  For  example,  in  rocket  motor 
performance  calculations  in  which  the  effect  of 
particles  on  delivered  specific  impulse  is  of 
interest,  only  the  larger  particles,  with  most  of  the 
mass  and  drag,  are  of  interest.  Consequently, 
models  that  give  these  are  accurate  enough  [5|, 
without  regard  to  the  many  smaller  particles  that 
may  be  present.  Such  a  distribution  would  be 
totally  inaccurate  for  calculating  UV  or  visible 
light  scattering  1 1  (>],  and  might  be  inadequate  for 
accurate  determinations  of  infrared  scattering  us 
well. 

In  summary,  Infrared  emission  in  plumes  is 
comprised  of  lines  emitted  by  rotutlun-vihratlon 
transitions  in  molecules  and  continuum  emission 
I  n  mi  particles.  The  particles  can  also  scatter 
radiation  incident  upon  them  from  other  sources. 
These  effects  were  discussed  earlier,  Infrared 
radiation  is  attenuated  during  propagation 
through  the  atmosphere.  This  attenuation  cun 
occur  by  continuum  absorption  and  scattering  by 
particles  tfor  example,  fog,  clouds,  or  aerosols)  or 
by  molecular  absorption  by  atmospheric  species 
such  us  COn,  IUD-  or  pollutants. 

3.3, 1.2  Visible 

Particle  continuum  rudialiou  in  the  after¬ 
burning  portion  of  a  plume,  will  tend  to  dominate 
visible  radiation,  when  particles  are  present,  ir 
the  number  density  of  particles  is  known,  and 
temperatures  of  the  particles  can  be  estimated, 
an  cinissivily  value  between  0.05  and  0.2  may  be 
used  lor  typical  plume  afterburning  temperatures. 

Trace  amounts  of  sodium  atoms  In  the 
plume  will  produce  atomic  transition  lines 
(yellow)  at  0.589/ini  anu  0.58%/un.  Potassium 
lines  at  0.7f>()5/mi  und  0, 7699/un  will  occur  with 
trace  amounts  of  that  element,  however,  these 
lines  are  ai  the  red  end  of  the  spectrum  and 
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verge  on  the  near-infrared,  therefore  they  would 
not  be  particularly  visible  (26*28). 

Frequently,  exhaust  plumes  arc  judged  to  he 
not  afterburning  because  of  the  absence  of  visible 
emission  on  film  or  video  records.  It  should  be 
dear  that  the  exhaust  plume  of  a  propellant  with 
a  low  particle  content  in  the  exhaust  may  well  be 
invisible  even  when  afterburning,  because  the 
emitted  radiation  is  in  wavelength  bands  other 
than  those  detectable  by  the  medium  used,  or 
sometimes  in  fact,  by  the  human  eye. 

Atmospheric  propagation  attenuates  visible 
radiation  by  absorption  and  scattering.  The 
atmospheric  "daylight  visibility  range"  may  vary 
from  0.5km  (s  -  8km'1)  In  moderate  fog  to 
20  km  (s  »  0.2km'1)  in  "clear''  conditions  to 
50  km  (s  -  0.08km' M  for  "exceptionally  clear" 
conditions.  The  Rayleigh  scattering  limit  is 
310  km  (s  -  0.013km'1).  These  values  for  the 
attenuation  coefficient  (s)  may  he  applied  to 
Becr-Lambcrt  transmission-attenuation  equation 
calculations  of  atmospheric  losses  of  visible  plume 
radiation,  both  for  emission  and  for  smoke 
signatures  discussed  later  [16|. 

3.3. 1.3  Ultraviolet 

In  addition  to  continuum  particulate 
radiation  which  predominates  in  heavily 
aluminized  exhausts,  ultraviolet  emission  also 
occurs  due  to  some  minor  plume  species.  It  is 
predicted  by  some  that  even  in  heavily  aluminized 
plumes,  CO  +  O  chemiluminescence  Is  dominant 
at  the  middle  ultraviolet  and  shorter  wavelengths. 
A  spectral  band  from  about  0,25/tni  to  about 
0.7am  seems  to  be  emitted  by  the  combination  of 
these  two  radicals  to  form  excited  CO,  and  the 
subsequent  dc-cxcitation  of  the  C02  molecule.  For 
typical  afterburning  plume  temperatures,  the 
radiation  peak  is  at  about  <)..35qm. 

In  hydrogen  and  hydrocarbon  flames,  studies 
have  shown  that  a  source  of  ultraviolet  rudiutiou 
is  the  electronically  excited  Oil  radicals  produced 
in  chemiluminescent  reactions.  Doth  of  the 
following  reactions  are  thought  able  to  produce 
excited  OH, 

CH  +  02  -  CO  +  OH* 

H  +  OH  +  OH  -  HaO  +  OH* 

however,  the  latter  react 'on  Is  thought  to  be 
more  likely  in  afterburning  solid  rocket  exhaust 
plumes.  The  OH  spectrum  contains  a  large 
number  of  lines,  which  in  all  but  the  highest 
resolution  spectra  will  blend  together  to  form  ■> 


continuous  band.  Therefore,  OH  radiation  in  the 
ultraviolet  may  he  thought  of  as  band  radiation 
for  some  calculations.  Some  of  the  OH  tine 
centres  are  0.2609am,  0.281 lam,  and  0.3064am. 

Ultraviolet  radiation  is  very  easily  scattered 
by  the  atmosphere  and  absorbed  by  atmospheric 
ozone  in  the  so-ealted  "solar-blind”  region  of  the 
spectrum  which,  between  about  0.2am  and  0.3am, 
peaks  at  about  0.25am.  Aerosol  and  molecular 
scattering  of  ultraviolet  radiation  severely  limits 
the  useful  range  of  ultraviolet  radiation  detectors 
for  locating  and  tracking  exhaust  plumes. 

Ail  radiation  is  scattered  by  fog  or  clouds. 
As  might  be  expected,  the  shorter  wavelengths  are 
more  strongly  affected  than  the  longer.  It  Is  all  a 
matter  of  the  relationship  between  the  droplet 
sizes  and  the  radiation  wavelengths. 

3.3. 1.4  Millimetre  Wavelengths 

A  number  of  workers  have  sought  evidence 
of  RF  emissions  from  plumes,  Many  years  ago, 
the  author  heard  of  "over  the  horizon"  radar 
systems  delecting  large  plumes,  but  it  Is  not  clear 
that  these  were  plume  emissions  rather  than 
bistatic  scattering  of  "umbicnl  radiation."  Sume 
(20)  reported  comparisons  of  millimetre-wave 
emission  measurements  at  35  and  94  QHi  which 
support  the  theory  that  the  primary  mechanism  Is 
based  on  Ircc-frec  emission  (hremsstrahlung), 
caused  by  collisions  between  free  electrons  and 
molecules  in  the  plume.  The  results  indicated  no 
difference  between  the  emissions  from  motor 
plumes  containing  aluminium  oxide  and  those 
with  no  solid  particles.  Additional  measurements 
of  lids  phenomenon  were  under  consideration  in 
die  United  Kingdom  (Royal  Armament  Research 
and  Development  Establishment)  in  the  early 
1990a.  ft  is  likely  that  other,  unreported, 
investigations  arc  or  have  been  done  in  this  area. 
Chuptcr  6  of  this  report  contains  additional 
details. 

3,3.2  Interaction  Signature  Effects 

The  previous  discussion  in  this  section  haa 
dealt  exclusively  with  radiation  emitted  by 
exhaust  plumes.  The  following  discussion  covers 
interactions  of  plumes  with  radiation  from  other 
sources.  The  major  interactions  to  be  covered 
urc  die  interactions  of  visible  and  infrared 
radiation  with  primary  and  secondary  smoke 
particles,  and  the  interactions  of  radio-frequency 
(RF)  radiation,  specifically  microwaves,  with  free 
electrons  and  ions.  The  sources  of  the  plume 
species  was  covered  in  a  cursory  manner  in 


Section  3.2  and  will  not  be  coverc!  f„r'hcr  in 
this  Overview.  The  reader  desiring  more 
information  should  look  at  specific  later  chapter; 
of  this  report  or  the  extensive  literature  that  is 
available  (13|. 

One  effect  that  will  not  be  covered  below  is 
the  scattering  of  radiation,  particularly  at  laser 
wavelengths,  by  'clear  gas’  turbulence  dis¬ 
continuities  of  refractive  index  within  the  plume. 
This  phenomenon  has  the  effect  of  beam 
spreading  the  radiation  (analogous  to  atmospheric 
turbulence  effects)  so  (hat  a  small  aperture 
detector  may  see  apparent  attenuation  losses  of  up 
to  6  dB.  There  will  also  be  "Jitter’  effects.  Even 
the  clear  exhausts  of  liquid  propellant  rocket 
motors  can  cause  this  effect  [13], 

3.3.2. 1  Smoke  Signatures 

Smoke  particles  in  plumes  can  affect 
Incident  radiation  by  both  scattering  and 
absorption  [16-2 1 1  The  magnitude  of  the  effect  of 
the  interaction  of  radiation  with  a  particle 
depends  upon  the  real  and  imaginary  terms  in  the 
particle  refructivc  index,  the  particle  size,  and 
the  particle  shape.  All  of  these  effects  combine  to 
give  scattering  and  extinction  cross  sections  (or 
coefficients)  for  each  purtlelc/wavclength  com¬ 
bination.  The  total  plume  effect  Is  the 
combination  of  all  the  individual  particle  effects, 
When  the  optical  depth  of  the  plume  is  greater 
than  about  0.3,  multiple  scattering  effects  become 
detectable.  The  importance  of  multiple  scattering 
will  depend  upon  the  reason  for  concern  about  the 
smoke  in  the  first  place.  The  optical  depth  is  the 
exponential  term  in  the  Becr-Lumbert 
transmission-attenuation  equation. 

Transmission  -  l  -  e*'st** 

where  s  is  the  uttemiuliuu  coefficient  of  the 

medium 

and  d  is  the  transmission  path  length  in  the 

medium 

Multiple  scattering  occurs  when  enough 
photons  are  scattered  more  limit  once  such  that 
the  effect  cannot  he  ignored,  and  the  single- 
scattering  assumption  fails. 

In  many  solid  propellants  the  predominant 
contributor  to  exhaust  plume  primary  smoke  is 
aluminium  oxide  (AI^Oj)  particles  that  result 
from  the  combustion  of  uluniinium  fuel.  Other 
mctalr.  or  refractory  ingredients  may  also  cause 
primary  smoke;  however,  these  sources  will 
predominate  only  in  propellants  that  arc 


completely  or  relatively  free  or  aluminium  fuel. 
Primary  smoke  exists  at  all  locations  downstream 
of  the  motor  nozzle,  although  its  importance  as 
"smoke"  begins  downstream  of  the  afterburning 
region  of  the  exhaust  plume.  Since  a  flying  missile 
lays  out  a  trail  of  these  particles  during  the  entire 
time  that  the  rocket  motor  is  burning,  the  smoke 
plume  may  be  many  kilometres  In  length,  The 
smoke  trail  spreads  with  time.  However,  the 
amount  of  spread  depends  upon  the  missile 
velocity;  the  greater  the  velocity,  the  less  the 
spread,  but  the  longer  the  trail  (for  a  given  motor 
burn  time).  The  smoke  trail  will  be  dissipated  by 
wind.  It  may  be  visible  from  os  far  away  as 
1 00km,  or  more,  depending  on  the  amount  of 
aluminium  in  the  propellant,  the  thrust  of  the 
motor,  the  sun-plume-obscrver  angle  (scattering 
angle),  and  the  atmospheric  visibility  conditions. 
At  the  lower  extremes,  as  little  as  0.3% 
aluminium  In  the  propellant  cun  cause  visibility  as 
great  us  20km  for  curtain  scattering  angles, 
although  for  most  scattering  angles  (between  60 
and  170  degrees)  u  visible  range  of  4km,  or  less, 
is  predicted.  Both  of  these  visible  ranges  arc 
based  on  'exceptionally  clear"  atmospheric 
transmission  conditions,  if  the  utmospheric 
conditions  are  "clear"  to  "very  clunr",  the  visible 
range  of  the  plume  will  he  halved.  Figure  M0 
illustrates  an  example  of  the  calculated  scattering 
coefficients  for  uxhaust-grude  alumina  particles 
over  a  wide  range  of  sizes  using  Mle  theory  for 
visible  light  (0.33/tni)  1 17|. 

If  the  sun  is  obscured,  the  visibility  of  the 
smoke  trail  is  greutly  reduced,  and,  since  under 
these  conditions  the  background  is  also  cloudy 
sky,  the  plume  will,  in  many  cases  appear  slightly 
darker  titan  the  background.  For  alt  practical 
purposes,  the  smoke  trail  will  not  be  visible, 
although  it  will  have  limited  visibility  with  a  dark 
earth  background.  In  fact,  even  if  the  smoke  trail 
is  illuminated  by  the  sun  it  will  he  practically 
invisible  against  u  cloud  background. 

In  uddition  to  increased  visibility,  the 
scattering  of  ambient  light  by  the  smoke  plume 
may  Interfere  with  optical  detection  systems  that 
operate  to  wuvclcnglhs  us  greut  as  .fytm,  The 
degree  of  interference  depends  upon  the  wave¬ 
length  of  the  detector,  the  optical  depth  of  the 
smoke  along  (lie  propagation  pull)  to  the  detector, 
the  effective  fleld-of-vlcw  of  the  detector,  and,  of 
course,  the  solar  Illumination  of  the  plume 
smoke.  In  such  a  sccuurio,  although  radiation 
from  the  detector's  turget  may  pass  through  the 
plume  and  reach  the  detector,  the  radiation 
scattered  to  the  detector  by  the  plume  may  be  so 
great  that  It  has  the  effect  of  un  overwhelming 
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background  radiation. 

Often,  attenuation  of  radiation  by  the  plume 
has  a  more  important  effect  on  detectors,  in  this 
situation  an  optical  (laser)  target  illumination 
beam  must  pass  through  the  missile  smoke  trail. 
If  the  scenario  parameters  arc  such  that  the  beam 
must  pass  through  a  substantial  length  of  the 
plume,  attenuation  losses  of  2  to  3  orders  of 
magnitude  (20dB  to  30dB)  arc  possible,  and  may 
render  the  beam  totally  ineffective. 

Composite  propellants  containing  ammonium 
perchlorate  (AP)  but  no  metal  fuel  (often  culled 
'reduced  smoke*  propellants,  incorporated  into  the 
terminology  of  Chapter  2  of  (his  report  as  type 
AB  or  AC  propellants  under  a  new  classification 
system)  defeat  some  of  the  the  problems  of  smoky 
plume  trails.  These  propellants  virtually  eliminate 
primary  smoke,  down  la  the  level  of  particulates 
necessary  to  maintain  stable  chumber 
combustion.  However,  the  AP  in  these  propellants 
causes  HC!  to  form  in  the  combustion  process, 
which,  as  described  earlier,  can  condense  with 
plume  and  atmospheric  wutcr  lo  form  secondary 
smoke.  It  is  generally  considered  that  at  typical 
atmospheric  conditions,  "reduced  smoke”  con¬ 
trails  will  form  above  bkm  altitude.  These 
composite  prupcllunt  exhausts  will  form  secondary 
smoke  contrails  al  sett-level  over  a  fulrly  wide 
range  of  cold  or  humid  climate  conditions. 

Propellants  with  neither  metal  fuel  nor  AP 
oxidizer  (often  called  "minimum  smoke" 
propellants,  Incorporated  Into  the  terminology  of 
Chapter  2  or  this  repori  as  type  AA  or  AB 
propellants  under  u  new  classification  system) 
eliminate  this  problem.  However,  even 
"minimum  smoke"  propellants  can  have  a 
condensation  plume  or  trail  of  secondary  smoke 
when  the  climate  Is  cold  enough  and  a  sufficient 
amount  of  water  vupour  is  present.  It  is  generally 
considered  that  at  typical  atmospheric  conditions, 
“minimum  smoke"  contrails  will  form  above  Nkm 
altitude.  "Minimum  smoke"  con  I  rads  al  sea-level 
will  form  only  at  tne  very  coldest  climate 
conditions,  even  with  fairly  high  ambient 
humidity. 

Alt  the  remarks  above  concerning  visibility 
and  transmissivity  of  primary  smoke  plumes  apply 
also  generally  to  secondary  smoke  plumes.  The 
applicable  caveat  here  is  that  secondary  smoke 
particles  (droplets)  may  be  somewhat  larger  Ilian 
those  of  primary  smoke,  although  this  will  depend 
upon  the  number  and  size  of  the  condensation 
nuclei  and  the  amount  of  condensed  water.  In 
such  a  case  the  optical  effects,  when  they  occur, 


may  be  larger.  II  it  were  possible  to  get  the  water 
to  condense  on  a  very  large  number  of  very  small 
condensation  nuclei,  of  the  order  of  lO’^tn*3  in 
the  condensation  region  of  the  plume,  the  ultimate 
droplet  radii  might  be  reduced  to  substantially  less 
than  ().l/rm,  and  the  optical  effects  would  be 
substantially  decreased.  The  Climate  Model  for 
defining  appropriate  conditions  for  determining 
secondary  smoke  formation  is  described  in 
Appendix  4  of  this  report. 

3. 3. 2. 2  Microwave  Effects 

The  free  electrons  produced  in  hot  regions 
of  exhaust  plumes,  primarily  in  the  afterburning 
region,  and  less  Importantly,  behind  strong  shock 
waves,  can  absorb  energy  from  microwave 
radiation  which  they  give  up  in  collisions  with 
molecular  species  in  the  plume.  The  two  important 
parameters  for  calculating  the  microwave 
attenuation  coefficient,  unique  to  a  given  plume, 
ure  the  electron  density  (or  concentration,  m'3) 
and  the  collision  frequency  (s'1),  which  is  the 
number  of  collisions  per  second  encountered  by  an 
average  single  electron,  typically  *2x10* 1  at 
sea-level  utnhlenl  pressure.  For  radiation  fre¬ 
quencies  above  500  MHz,  only  the  electrons  need 
he  considered.  For  lower  frequency  radiation,  ihe 
Ions  present  in  the  plume  must  be  considered  as 
well,  Typically  there  are  1,000  to  10,000  ions, 
both  positive  and  negative,  for  every  free  electron 
present,  however  because  of  their  far  greater  mass 
the  Ions  absorb  much  less  microwave  ladiation. 

If  ubsorpllon  is  the  only  process  encountered 
hy  radiation  in  the  plume  the  simple  calculation 
tif  the  line-of-sight  attenuation  coefficient  for 
each  region  of  the  plume  is  sufficient  to  give  a 
reasonably  accurate  prediction  of  microwave 
attenuation.  In  general,  this  is  not  a  had  first 
assumption  for  X-hund  radiation  with 
compositc-AP  solid  rrxikel  propellants  containing 
VH'  aluminium  or  less. 

However,  for  hotter  propeliunts,  with  hotter 
afterburning,  propagation  through  the  plume  is 
much  more  complicated.  In  general,  the 
plume-microwave  inlcrfcrcncc  problem  may  be 
thought  of  in  terms  of  the  plume  (a  mathematical 
transfer  function)  modifying  the  electromagnetic 
field  state.  In  other  words,  without  the  plume,  a 
field  exists  in  space;  when  the  plume  is 
interposed,  the  field  is  changed.  This  concept  is 
illustrated  in  Figure  1-11.  While  simple  in 
concept,  this  approach  is  difficult  in  practice.  Il 
has  been  solved  fairly  successfully  using  the 
Frcsnel-Kirchoff-Huygciis  formulation  of  the  wave 
equation  [30).  Computer  codes  using  this 


formulation  have  been  develop'd  in  the  United 
States,  France,  and  the  UK. 

It  may  be  illustrative  to  describe  the  things 
that  go  on  in  the  plume-microwave  interaction  in 
terms  derived  from  elementary  physics.  We 
consider  here  a  plume  with  arbitrarily  large 
electron  density  (ED)  values.  The  geometry  we  arc 
considering  involves  a  transmitting  antenna  on 
the  missile  body,  and  a  receiving  antenna  at  a 
location  such  that  the  line  of  sight  is  at  a  very 
slight  angle  to  the  plume  axis.  The  microwave 
radiation  (MR)  penetrates  through  the  outer 
plume  layers  where  the  ED  is  low  without  any 
interaction  other  than  slight  absorption.  As  the 
MR  penetrates  into  higher  ED  regions  the 
electron  density  gradient  causes  refraction  of  the 
MR  along  every  path;  attenuution  per  unit  length 
increases.  As  the  MR  penetrates  into  the  over- 
dense  region  of  the  plume  (where  the  ED  exceeds 
some  critical  value)  attenuation  losses  are  so  high 
that  for  all  practical  purposes  the  MR  is 
totally  absorbed  (actually  attenuation  losses  of 
several  hundred  decibels  urc  calculated  to  occur). 
While  this  is  going  on,  MR  propagating  along  the 
outer  edges  of  the  electrical  plume  behaves  as 
though  it  were  undergoing  a  combination  of 
refraction  and  diffraction  by  the  plume,  and  sets 
up  an  Interference  pattern  very  similar  to  optical 
diffraction.  The  MR  thut  reaches  the  receiver 
displays  local  intensity  structure  characteristic  of 
diffraction,  modified  by  some  refraction,  and  with 
some  evidence  of  llnc-of-slghi  or  refracted  direct 
radiation,  depending  upon  itic  locations  of  the 
antennas  and  the  ED  of  the  plume.  Bccutisc  of 
these  paths  of  propagation,  tactical  missile 
microwave  signal  attenuallon  rarely  exceeds  30JB, 
no  matter  how  high  the  ED.  For  much  larger 
space  missile  exhuust  plumes  at  higher  altitude, 
attenuation  as  high  as  M>dB  to  70<1B  has  been 
measured,  however,  this  too  is  accounted  for  by 
the  same  propagation  mechanisms.  This  effect  can 
be  modelled  with  fairly  simple  wave-diffraction 
assumptions  1 13,31). 

But  this  is  not  all  that  is  happening.  Some  of 
the  MR  that  reaches  the  receiver  -.hows  evidence 
of  frequency  shifts,  clear  evidence  that  the 
radiation  has  been  scattered  by  elements  with  a 
range  of  velocities,  This  can  only  he  accounted 
for  if  the  MR  Is  scattered  by  refractive  Index 
gradients  much  sharper  Ilian  those  required  to 
explain  the  absorption,  refraction,  and  diffraction 
results,  it  seems  clear  that  there  is  a  fine 
structure,  probably  due  to  turbulence,  that  causes 
substantial  scattering  und  with  Doppler  shifts 
corresponding,  in  general,  to  the  mean  flow 
velocities  of  the  plume  gases.  Mathematical 


simulation  of  this  concept  or  i!  process  has 
given  reasonable  values  of  the  spectrum  and 
intensity  of  plume  induced  noise,  including  the 
frequency  shifts  seen.  There  also  seems  to  be  a 
strong  surface  type  of  scattering  from  the 
overdense  boundary,  when  the  exhaust  plume  ED 
is  high  enough  for  one  to  exist.  The  same 
approach  has,  at  times,  also  given  reasonable 
values  of  pluntc  RCS,  which  is  the  same 
phenomenon,  but  with  both  transmitting  and 
receiving  antennas  at  the  same  location 
(monostatic)  instead  of  at  different  locations 
(bistatic)  [l  3,32-34 1. 

4.0  DESIGN  FACTORS 

A  systems  approach  to  determining 
guidelines  for  missile-plume  tailoring  should  follow 
the  two  cheek  lists  provided  by  Tables  1*2  and 
t-3.  The  first  of  these  tables  lists  the  missile 
operational  requirements  and  operational  goals 
related  to  plume  signature;  to  the  extent  possible 
these  should  be  stated  us  quantified  numerical 
values.  Tlte  second  list  contains  all  available 
information  reluting  to  the  plume  of  interest  or 
similar  plumes;  this  list  should  include  propellant 
and  rocket  motor  information  und  all  measured 
und  calculated  plume  duta,  not  just  those  for  the 
plume  effects  of  concern  for  the  current  design. 

For  specific  problems,  the  system  designer 
will  probably  wish  to  cxpuml  on  both  of  these 
lists.  It  is  probably  best  to  establish  the  final  lists 
in  u  conference  setting  following  review  of  initial 
drafts.  Participation  should  include  a  broad 
spectrum  of  the  design  team  and  supporting 
technologists,  not  just  people  who  are 
knowledgeable  in  plume  technology,  It  is  also 
appropriate  to  initiate  the  draft  list  of  operational 
requirements  in  similar  brainstorming  sessions,  if 
time  allows. 

Plume  signature  effects  can  often  be 
reduced  by  appropriate  tailoring  of  propellants  or 
missile  hurdware  designs.  Since  some  approaches 
to  tailoring  arc  discussed  elsewhere  in  this  report 
the  discussion  in  this  overview  will  be  brief,  Tlte 
factors  that  contribute  to  primary  and  secondary 
smoke  slgnulurcs,  adequately  discussed  in 
Chapters  2.3,  and  4  ure  very  fine  particles  und 
condensation  contrails  enhanced  by  acid  vapours 
und  other  water  soluble  effluent. 

Plume  radiutlon  and  microwave  effects  arc 
increased  by  high  plume  temperatures,  thus 
approaches  that  reduce  plume  temperatures  will 
reduce  these  effects.  Suppression  of  afterburning 
can  cause  major  reductions  In  the  temperature  of 
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verge  on  the  near-infrared,  therefore  they  would 
not  be  particularly  visible  |26-28]. 

Frequently,  exhaust  plumes  arc  Judged  to  he 
not  afterburning  because  of  the  absence  of  visible 
emission  on  film  or  video  records.  It  should  be 
clear  ihat  the  exhaust  plume  of  a  propellant  with 
a  low  particle  content  in  the  exhaust  may  well  be 
invisible  even  when  afterburning,  because  the 
emitted  radiation  is  in  wavelength  bands  other 
than  those  detectable  by  the  medium  used,  or 
sometimes  in  fact,  by  the  human  eye. 

Atmospheric  propagation  attenuates  visibtu 
radiation  Ly  absorption  and  scattering.  The 
atmospheric  "daylight  visibility  range"  may  vary 
from  0.3km  (s  ■  8km*1)  In  moderate  fog  to 
20  km  (s  -  0.2km'1)  in  "clear"  conditions  to 
50  km  (s  -  0.08km"  *)  for  “exceptionally  clear" 
conditions.  The  Rayleigh  scattering  limit  is 
310  km  (s  -  0.013km'1).  These  values  for  the 
attenuation  coefficient  (s)  may  be  applied  lo 
Bcer-Lambcrl  transmission -ultcn nation  equation 
calculations  of  atmospheric  losses  of  visible  plume 
radlallon,  both  for  emission  and  for  smoke 
signatures  discussed  later  |I6), 

3.3. 1.3  Ultruviolet 

In  uddlticn  to  continuum  particulate 
radiation  which  predominates  in  heavily 
aluminized  exhausts,  ultraviolet  emission  also 
occurs  due  m  some  minor  plume  species.  It  is 
predicted  by  some  that  even  In  heavily  aluminized 
plumes,  CO  +  0  chemiluminescence  is  dominant 
at  the  middle  ultraviolet  utul  shorter  wavelengths. 
A  spectral  hand  from  about  (1.25/on  to  about 
0.7/im  seems  to  be  emitted  by  the  combination  of 
these  two  radleuls  to  form  excited  CO,  anil  the 
subsequent  de-excitutlon  of  the  CO,  molecule.  For 
typical  afterburning  plume  temperatures,  the 
radiation  peak  is  ut  about  0.35/zm. 

In  hydrogen  and  hydrocarbon  flames,  studies 
have  shown  that  a  source  of  ultraviolet  radiation 
Is  the  electronically  excited  OH  radicals  produced 
in  chemiluminescent  reactions.  Doth  of  the 
following  reactions  are  thought  utile  lo  produce 
excited  OH, 

CH  +  02  -  CO  i  OH* 

H  +  OH  +  OH  -  H20  +  OH* 

however,  the  latter  reaction  is  though!  to  he 
more  likely  In  afterhirning  solid  rocket  exhaust 
plumes.  The  OH  spectrum  contains  a  large 
number  of  lines,  which  in  all  hut  the  highest 
resolution  spectra  will  blend  together  to  form  a 


continuous  band.  Therefore,  OH  radiation  in  the 
ultraviolet  may  be  thought  of  as  band  radiation 
for  some  calculations,  Some  of  the  OH  line 
centres  are  0.2609/jm,  0,281 1/im,  and  0.3064/im. 

Ultraviolet  radiation  is  very  easily  scattered 
by  the  atmosphere  and  absorbed  by  atmospheric 
ozone  in  the  so-called  ‘solar-blind*  region  of  the 
spectrum  which,  between  about  0.2/mn  and  0.3/im, 
peaks  ut  about  0.25/zm.  Aerosol  and  molecular 
scattering  of  ultraviolet  radiation  severely  limits 
the  useful  range  of  ultraviolet  radiation  detectors 
for  locating  nnd  tracking  exhaust  plumes. 

All  radiation  is  scattered  by  Tog  or  clouds. 
As  might  be  expected,  the  shorter  wavelengths  ore 
more  strongly  affected  than  the  longer.  It  is  all  a 
matter  of  the  relationship  between  the  droplet 
sizes  und  the  radiation  wavelengths. 

3.3. 1.4  Millimetre  Wavelengths 

A  number  of  workers  have  sought  evidence 
of  RF  emissions  from  plumes.  Many  years  ago, 
the  author  heard  of  "over  the  horizon"  radar 
systems  detecting  large  plumes,  hut  it  is  not  clear 
that  these  were  plume  emissions  rather  than 
histutic  scattering  of  “ambient  radiation."  Sume 
|2‘)|  reported  comparisons  of  mllllmctrc-wavc 
emission  measurements  at  35  and  94  OHz  which 
support  the  theory  that  the  primary  mechanism  is 
bused  on  free-free  emission  (brcmsstrahlung), 
causeil  by  collisions  between  free  electrons  and 
molecules  in  the  plume.  The  results  indicated  no 
difference  between  the  emissions  from  motor 
plumes  containing  ulumlnlum  oxide  and  those 
nih  no  solid  particles.  Additional  measurements 
of  this  phenomenon  were  under  consideration  in 
the  United  Kingdom  (Royal  Armament  Research 
and  Development  establishment)  in  the  early 
1990s.  It  Is  likely  that  other,  unreported, 
investigations  are  or  have  been  done  in  this  area. 
Chapter  (>  of  this  report  contains  additional 
details. 

3.3.2  Interaction  Signature  Effects 

The  previous  discussion  In  this  section  has 
dealt  exclusively  with  radiation  emitted  by 
exliuust  plumes.  The  following  discussion  covers 
interactions  of  plumes  with  radiation  from  other 
sources.  The  major  interaction'’  to  be  covered 
are  the  interactions  of  visible  and  Infrared 
radiation  with  prlmurv  und  secondary  smoke 
particles,  und  the  interactions  of  radio  frequency 
(RF)  radiation,  specifically  microwaves,  with  free 
electrons  and  Ions,  The  sources  of  the  plume 
species  was  covered  In  a  cursory  manner  In 
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Section  3.2  and  will  not  be  covered  further  in 
(his  Overview.  The  reader  desiring  more 
information  should  look  at  specific  later  chapters 
of  this  report  or  the  extensive  literature  that  is 
available  [13], 

One  effect  that  will  not  be  covered  below  is 
the  scattering  of  radiation,  particularly  at  laser 
wavelengths,  by  "clear  gas"  turbulence  dis¬ 
continuities  of  refractive  index  within  the  plume. 
This  phenomenon  has  the  effect  of  beam 
spreading  the  radiation  (analogous  to  atmospheric 
turbulence  effects)  so  that  a  small  aperture 
detector  may  see  apparent  attenuation  losses  of  up 
to  6  dB.  There  will  also  be  "jitter"  effects.  Even 
the  clear  exhausts  of  liquid  propellant  rocket 
motors  can  cause  this  effect  |13j. 

3.3.2. 1  Smoke  Signatures 

Smoke  particles  in  plumes  can  affect 
incident  radiation  by  both  scattering  and 
absorption  (16-21).  The  magnitude  of  the  effect  of 
the  interaction  of  rudiution  with  a  particle 
depends  upon  the  rcul  and  Imaginary  terms  in  the 
particle  rcfructivc  index,  the  particle  size,  and 
the  particle  shape.  All  of  these  effects  combine  to 
give  scattering  and  extinction  cross  sections  (or 
coefficients)  for  each  purtlde/vvavelcnglh  com¬ 
bination.  The  total  plume  effect  is  the 
combination  of  all  the  individual  particle  effects, 
When  the  optical  depth  of  the  plume  is  greater 
Ilian  about  (1.5,  multiple  scattering  effects  become 
detectable.  The  importance  of  multiple  scattering 
will  depend  upun  the  reason  for  concern  about  the 
smoke  in  the  first  place.  The  optical  depth  is  the 
exponential  term  in  the  Heer-Lambert 
transmission-attenuation  equation. 

Transmission  -  1  -  ^ 

where  s  is  the  attenuation  coefficient  »!  the 

medium 

and  d  is  the  transmission  path  length  in  the 

medium 

Multiple  scattering  occurs  when  enough 
photons  urc  scattered  more  than  once  such  that 
the  effect  cannot  be  ignored,  and  me  single- 
scattering  assumption  fails. 

In  many  solid  propellants  the  predominant 
contributor  to  exhaust  plume  primary  smoke  is 
aluminium  oxide  (AUO,)  particles  that  result 
from  the  combustion  of  aluminium  fuel.  Other 
metals  or  refractory  ingredients  may  also  cause 
primary  smoke;  however,  these  sources  will 
predominate  only  in  propellants  that  are 


completely  or  relatively  free  of  aluminium  fuel. 
Primary  smoke  exists  at  all  locations  downstream 
of  the  motor  nozzle,  although  its  importance  as 
"smoke"  begins  downstream  of  the  afterburning 
region  of  the  exhaust  plume.  Since  a  flying  missile 
lays  out  a  trail  of  these  particles  during  the  entire 
time  that  the  rocket  motor  is  burning,  the  smoke 
plume  may  be  many  kilometres  in  length.  The 
smoke  trail  spreads  with  time.  However,  the 
amount  of  spread  depends  upon  the  missile 
velocity;  the  greater  the  velocity,  the  less  the 
spread,  hut  the  longer  the  trail  (for  a  given  motor 
hum  time).  The  smoke  trail  will  be  dissipated  by 
wind.  It  may  he  visible  from  as  far  away  as 
100km,  or  more,  depending  on  the  amount  of 
aluminium  in  the  propellant,  the  thrust  of  the 
motor,  the  sun-plumc-observer  angle  (scattering 
angle),  and  the  utmospheric  visibility  conditions. 
At  the  lower  extremes,  as  little  as  0.3% 
aluminium  in  the  propcllunt  cun  cause  visibility  as 
great  as  2()km  lor  certain  scattering  angles, 
although  for  most  scattering  ungles  (between  60 
and  170  degrees)  a  visible  range  of  4km,  or  less, 
is  predicted.  Both  of  these  visible  ranges  are 
based  on  "exceptional! '  clear"  utmospheric 
transmission  conditions.  If  the  atmospheric 
conditions  are  "clear"  to  "very  clear",  ihe  visible 
range  of  the  plume  will  be  halved.  Figure  1-10 
illustrates  an  example  of  the  calculated  scattering 
coelTIciems  for  exhuust-grude  alumina  particles 
over  a  wide  range  of  sizes  using  Mle  theory  for 
visible  light  (O.SS/mt)  1 17). 

If  the  situ  is  obscured,  Ihe  visibility  of  the 
smot  e  trail  is  greatly  reduced,  and.  since  under 
these  conditions  the  background  is  also  cloudy 
sky,  tlic  plume  will,  In  many  cases  uppeur  slightly 
darker  than  Ihe  background.  For  ull  practical 
piii|x).ses.  the  smoke  trail  will  not  he  visible, 
although  it  will  have  limited  visibility  with  a  dark 
earth  background.  In  fact,  even  if  the  smoke  trail 
is  illuminated  by  the  sun  it  will  be  practically 
invisible  against  a  cloud  background. 

In  additloii  to  Increased  visibility,  the 
scattering  of  ambient  light  by  the  smoke  plume 
may  interfere  with  optical  detection  systems  that 
operate,  to  wavelengths  as  great  us  5/zm.  The 
degree  of  Inlerl'erenee  depends  upon  the  wave¬ 
length  of  the  detector,  the  optical  depth  of  the 
smoke  along  the  propagation  path  to  the  detector, 
the  effective  I'ield-of-view  of  the  detector,  and,  of 
course,  the  solar  Illumination  of  the  plume 
smoke.  In  such  a  scenario,  ulthough  radiation 
from  the  detector's  target  may  puss  through  the 
plume  and  reach  the  detector,  the  r  .dial Ion 
scattered  to  the  detector  by  the  plume  may  be  so 
great  that  it  lias  the  effect  of  an  overwhelming 
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background  radiation. 

Often,  attenuation  of  radiation  by  the  plume 
has  a  more  important  effect  on  detectors.  In  this 
situation  an  optical  (laser)  target  illumination 
beam  must  pass  through  the  missile  smoke  trail. 
If  the  scenario  parameters  arc  such  that  the  beam 
must  pass  through  a  substantial  length  of  the 
plume,  attenuation  losses  of  2  to  3  orders  of 
magnitude  (20dB  to  30dB)  arc  possible,  and  may 
render  the  beam  totally  ineffective. 

Composite  propellants  containing  ammonium 
perchlorate  (AP)  but  no  metal  fuel  (often  called 
’reduced  smoke”  propellants,  incorporated  into  the 
terminology  of  Chapter  2  of  this  report  as  type 
AB  or  AC  propellants  under  a  new  classification 
system)  defeat  some  of  the  the  problems  of  smoky 
plume  trails.  These  propellants  virtually  eliminate 
primary  smoke,  down  to  the  level  of  particulates 
necessary  to  maintain  stable  chamber 
combustion.  However,  the  AP  in  these  propellants 
causes  HC1  to  form  in  the  combustion  process, 
which,  as  described  earlier,  can  condense  with 
plume  and  atmospheric  water  to  form  secondary 
smoke.  It  is  generally  considered  that  ut  tvpieul 
atmospheric  conditions,  "reduced  smoke'  at- 
trails  will  form  above  hkm  altitude,  .  ncse 
composite  propellunt  exhausts  will  form  secondary 
smoke  contrails  at  seu-leve!  over  a  fairly  wide 
range  of  cold  or  humid  climate  conditions. 

Propellunts  with  neither  metal  fuel  nor  AP 
oxidizer  (often  called  "minimum  smoke" 
propellants,  incorporated  Into  the  terminology  of 
Chapter  2  of  this  report  us  type  AA  or  AU 
propellants  under  u  new  classification  system) 
eliminate  this  problem.  However,  even 
"minimum  smoke"  propellants  can  have  a 
condensation  plume  or  trail  of  secondary  smoke 
when  the  climate  is  cold  enough  and  a  sufficient 
amount  or  water  vapour  is  present.  It  is  generally 
considered  that  ut  typical  atmospheric  conditions, 
"minimum  smoke"  contrails  will  form  above  Hkm 
altitude.  "Minimum  smoke"  contrails  al  scu-levcl 
will  form  only  at  the  very  coldest  climate 
conditions,  even  with  fairly  high  ambient 
humidity. 

All  the  remarks  above  'onccrning  visibility 
and  transmissivity  of  primary  smoke  plumes  apply 
also  generally  lo  secondary  smoke  plumes.  The 
applicable  caveat  here  Is  that  secondary  smoke 
particles  (droplets)  may  be  somewhat  larger  than 
those  of  primary  smoke,  although  this  will  depend 
upon  the  number  and  size  of  the  condensation 
nuclei  and  the  amount  of  condensed  water,  in 
such  a  ease  the  optical  effects,  when  they  occur, 


may  be  larger.  If  it  were  possible  to  get  the  water 
to  condense  on  a  very  large  number  of  very  small 
condensation  nuclei,  of  the  order  or  lO'^m’3  in 
the  condensation  region  of  the  plume,  the  ultimate 
droplet  radii  might  be  reduced  to  substantially  lass 
than  O.lzitn,  and  the  optical  effects  would  be 
substantially  decreased.  The  Climate  Model  for 
defining  appropriate  conditions  for  determining 
secondary  smoke  formation  is  described  in 
Appendix  4  or  this  report. 

3. 3. 2. 2  Microwave  Effects 

The  free  electrons  produced  in  hot  regions 
of  exhaust  plumes,  primarily  in  the  afterburning 
region,  and  less  importantly,  behind  strong  shock 
waves,  can  absorb  energy  from  microwave 
radiation  which  they  give  up  in  collisions  with 
molecular  species  in  the  plume.  The  two  important 
parameters  for  calculating  the  microwave 
attenuation  coefficient,  unique  lo  a  given  plume, 
are  the  electron  density  (or  conecntintion,  m'3) 
and  i he  collision  frequency  (s'1),  which  is  the 
number  of  collisions  per  second  encountered  by  an 
average  single  electron,  typically  -2x10' 1  at 
sea-level  ambient  pressure.  For  radiation  fre- 
incudes  above  500  MHz,  only  the  electrons  need 
i  considered.  For  lower  frequency  radiation,  the 
urns  present  in  the  plume  must  be  considered  as 
well.  Typically  there  are  1,000  to  10,000  ions, 
both  positive  and  negative,  for  every  free  electron 
present,  however  because  of  their  far  greater  mass 
the  Ions  absorb  much  less  microwave  radiation. 

If  absorption  is  the  only  process  encountered 
by  radiation  in  the  plume  the  simple  calculation 
of  the  line-ol'-sight  attenuation  cncITicicnt  for 
each  region  of  the  plume  is  sufficient  to  give  a 
reasonably  accurate  prediction  of  microwave 
attenuation.  In  general,  this  is  not  u  bad  first 
assumption  lor  \-baud  radiation  with 
eomposite-AP  solid  rocket  propellants  containing 
5‘)f.  aluminium  or  less. 

However,  for  hotter  propellants,  with  hotter 
afterburning,  propagation  through  the  plume  is 
much  more  complicated.  In  general,  the 
plume-microwave  interference  problem  may  he 
thought  of  in  terms  of  the  plume  (u  mathematical 
transfer  function)  modifying  the  electromagnetic 
field  state.  In  other  words,  without  the  plume,  a 
field  exists  in  space;  when  the  plume  Is 
interposed,  the  field  is  changed.  This  concept  Is 
illustrated  in  Figure  1-11.  While  simple  in 
concept,  this  approach  is  difficult  iu  practice.  It 
has  been  solved  fairly  successfully  using  the 
Fresncl-KIrchoff-Huygens  formulation  of  the  wave 
equation  [30|.  Computer  codes  using  this 
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formulation  have  been  developed  in  the  United 
States,  France,  and  the  UK. 

It  may  be  illustrative  to  describe  the  tilings 
that  go  on  in  the  plume-microvvavc  interaction  in 
terms  derived  from  elementary  physics.  We 
consider  here  a  plume  with  arbitrarily  large 
electron  density  (ED)  values.  The  geometry  we  arc 
considering  involves  a  transmitting  antenna  on 
the  missile  body,  and  a  receiving  antenna  at  a 
location  such  that  the  line  of  sight  ts  at  a  very 
slight  angle  to  the  plume  axis.  The  microwave 
radiation  (MR)  penetrates  through  the  outer 
plume  layers  where  the  ED  is  low  without  any 
interaction  other  than  slight  absorption.  As  the 
MR  penetrates  into  higher  ED  regions  the 
electron  density  gradient  causes  refraction  of  the 
MR  along  every  path;  attenuation  per  unit  length 
increases.  As  the  MR  penetrates  into  the  ovci- 
dense  region  of  the  plume  (where  the  ED  exceeds 
some  critical  value)  attenuation  losses  are  so  high 
that  for  all  practical  purposes  the  MR  is 
totally  absorbed  (actually  attenuation  losses  of 
several  hundred  decibels  arc  calculated  to  occur). 
While  this  is  going  on,  MR  propagating  along  the 
outer  edges  of  the  electrical  plume  behaves  as 
though  it  were  undergoing  a  combination  of 
refraction  and  diffraction  by  the  plume,  and  sets 
up  an  interference  pattern  very  similar  to  optical 
diffraction.  The  MR  that  reaches  the  receiver 
displays  local  intensity  structure  characteristic  of 
diffraction,  modified  by  some  refraction,  and  with 
some  evidence  of  line-of-siglit  or  refracted  direct 
radiation,  depending  upon  the  locations  of  Use 
antennas  and  the  ED  of  the  plume.  Because  of 
these  paths  of  propagation,  tactical  missile 
microwave  signal  attenuation  rarely  exceeds  3()dB, 
no  matter  how  high  the  ED.  For  much  larger 
space  missile  exhaust  plumes  at  higher  altitude, 
attenuation  as  high  as  M)dB  to  70dB  has  l>ecn 
measured,  however,  this  loo  is  accountcu  for  by 
the  same  propagation  mechanisms.  This  effect  can 
hi  modelled  with  lairly  simple  wave-diffraction 
assumptions  (1 3.31). 

But  this  is  not  all  that  is  happening.  Some  of 
the  MR  that  reaches  the  receiver  shows  evidence 
of  frequency  shifts,  clear  evidence  that  the 
radiation  has  been  scattered  by  elements  with  u 
range  of  velocities.  This  can  only  be  accounted 
for  if  the  MR  is  scattered  t>y  -efractivc  index 
gradients  much  sharper  than  those  required  to 
explain  the  absorption,  refraction,  and  diffraction 
results.  It  seems  clear  that  there  is  a  fine 
structure,  probably  due  to  turbulence,  that  causes 
substantial  scattering  and  with  Doppler  shifts 
corresponding,  in  general,  to  the  mean  flow 
velocities  of  the  plume  gasc*'.  Mathematical 


simulation  of  this  concept  of  the  process  has 
given  reasonable  values  of  the  spectrum  and 
intensity  of  plume  induced  noise,  including  the 
frequency  shifts  seen.  There  also  seems  to  be  a 
qrong  surface  type  of  scattering  frem  the 
overdense  boundary,  when  the  i  -Sausl  plume  ED 
is  high  enough  for  one  to  exist.  The  same 
approach  has,  at  times,  also  given  reasonable 
values  or  plume  RCS,  which  is  the  same 
phenomenon,  but  with  both  transmitting  and 
receiving  antennas  at  the  same  location 
(monostatic)  instead  of  at  different  locations 
(bistatic)  [13,32-34). 

4.0  DESIGN  FACTORS 

A  systems  approach  to  determining 
guidelines  for  missile-plume  tailoring  should  follow 
the  two  cheek  lists  provided  by  Tables  1-2  and 
1-3.  The  first  of  these  tables  lists  the  missile 
oixTulional  requirements  and  operational  goals 
related  to  plume  signature;  to  the  extent  possible 
these  should  be  slated  as  quantified  numerical 
values.  Tin*  second  list  contains  all  available 
information  relating  to  the  plume  of  interest  or 
similar  plumes;  this  list  should  include  propellant 
and  rocket  motor  information  anti  all  measured 
and  calculated  plume  data,  not  just  those  for  the 
plume  effects  of  concern  Tor  the  current  design. 

For  specific  problems,  the  system  designer 
will  probably  wish  to  expand  on  both  of  these 
lists.  It  is  probably  best  to  establish  the  Hnal  lists 
in  a  conference  setting  following  review  of  initial 
drafts.  Participation  should  include  a  broad 
spectrum  of  the  design  team  and  supporting 
technologists,  not  just  people  who  arc 
knowledgeable  in  plume  technology.  It  is  also 
appropriate  to  initiate  the  draft  list  of  operational 
requirements  in  similar  brainstorming  sessions,  if 
time  allows. 

Plume  signature  effects  can  often  be 
reduced  by  appropriate  tailoring  of  propellants  or 
missile  hardware  designs.  Since  some  approaches 
to  tailoring  arc  discussed  elsewhere  in  this  report 
the  discussion  in  this  overview  w<ll  be  brief.  The 
factors  that  contribute  to  primary  and  secondary 
smoke  signatures,  adequately  discussed  in 
Chapters  2,3,  and  4  arc  very  fine  particles  and 
condensation  contrails  enhanced  by  add  vapoura 
and  other  water  soluble  effluent. 

Plume  radiation  and  microwave  effects  arc 
increased  by  high  plume  temperatures;  thus 
approaches  that  reduce  plume  temperatures  will 
reduce  these  effects.  Suppression  of  afterburning 
can  cause  major  reductions  in  the  temperature  of 
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many  tactical  missile  plumes.  Chemical 
approaches  to  afterburning  suppression  involve 
adding  chemicals  (hat  remove  free  radical 
species,  such  as  OH,  O,  and  H  that  arc  necessary 
to  sustain  afterburning.  The  aikali  metals  (usually 
potassium  is  used)  arc  incorporated  either  into  a 
propellant  or  in  some  other  way  that  will  produce 
gaseous  products  in  tire  exhaust.  These  chemical 
additives  do  not  work  when  present  in  com¬ 
bination  with  Cl  species  produced  in  A P- 
composite  propellant  exhausts.  When  potassium  or 
other  alkali  species  are  used  for  flame  suppression 
serious  microwave  effects  due  to  plume  species 
ionization  can  result  if  exhaust  concentrations  of 
the  alkali  drop  below  levels  necessary  to  com¬ 
pletely  suppress  afterburning. 

There  has  also  been  some  success  in  the 
reduction  of  microwave  effects  by  the  suppresison 
of  free  electron  concentrations  in  plumes  resulting 
from  the  additon  of  molybdenum  trioxidc  (MoO-,). 
It  has  also  been  noted  (see  Chapter  6)  that  plume 
free  electron  concentrations  in  composite  pro¬ 
pellant  plumes  can  be  reduced  by  decreasing  the 
concentration  of  H  radicals  in  the  exhaust. 

Elimination  of  regions  in  the  aft  en  f  a 
missile  that  may  cause  separated  flow  and 
recirculation  (base  How)  will  eliminate  a  source 
that  ignites  afterburning  in  otherwise  cool  plumes 
of  missiles  in  flight.  This  approach  will  only 
marginally  affect  hot  plumes  for  which  it  may 
reduce  slightly  the  maximum  altitude  at  which 
afterburning  occurs  in  flight.  Other  hardware 
methods  for  reducing  plume  temperature  involve 
modifying  plume  turbulent  mixing  such  that  it 
cools  the  plume  to  temperatures  below  those  that 
ignite  afterburning,  i.e.  before  free  radical 
concentrations  can  reach  levels  necessary  to 
sustain  combustion.  This  can  be  accomplished  by 
reducing  the  length  of  the  flowficld,  for  example 
by  using  multiple  nozzles  instead  of  a  single, 
iarger  nozzle.  Noncircular  nozzles  may  also 
enhance  plume  cooling  because  of  the  larger 
surfacc-to-voltimc  ratio  of  their  plumes.  In  the 
plumes  of  missiles  in  flight  at  non-zero  angles  of 
attack,  the  tendency  to  create  seperated  How 
regions  inc'cascs  and  stronger  steps  to  reduce 
atterburning  may  lx-  necessary  than  those  found 
successful  for  strictly  axisymrnetric  situations. 

The  objective  or  the  design  effort  is  to 
determine,  quantitatively,  the  available  trade-offs 
bCkWten  all  the  various  requirements  and  goals, 
and  to  optimize  them  for  the  missile  system  under 
consideration. 


3.0  CONCLUSION 

This  overview  has  presented  a  brief  semi- 
Icchnical  narrative  of  the  plume  technology  areas 
covered  by  AGARD  PEP  Working  Group-21.  The 
reader  is  cautioned  that  the  information  presented 
here  has  been  greatly  simplified  for  the  sake  of 
brevity.  Only  trends  are  presented,  hopefully  with 
little  toss  of  correctness.  There  are  a  number  of 
phenomena  associated  with  plumes  at  higher 
altitudes  that  were  not  even  touched  on  in  this 
overview.  While  this  report  is  concerned  with 
tactical  missile  exhaust  plumes,  which  generally 
occur  at  low  to  medium  altitudes,  there  are 
instances  where  higher  altitude  plume  phenomena 
may  emerge  even  in  the  tactical  regime.  Anyone 
desiring  to  explore  this  field  more  deeply  will  find 
an  extensive  literature  helpful  to  understanding 
the  phenomena  and  the  theory,  and  useful  for 
solving  specific  practical  problems. 
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TABLE  1,2 

OPERATIONAL  CONDITIONS  CHECKLIST 

1.  Missile  design 

Design  requirements 
Design  goals 

body  signatures 
plume  signatures 
Rocket  Motor 
Thrtist/time 
Propellant 

trace  elements  (K.Na,  etc.) 
signature  suppression 
Non  propellant  contribution 
Chamber  Conditions 
pressurc/timc 
chemical  species 
Nozzle 

design  Tor  signature  control 
Missile  flight  conditions 
External  air  flow 
velocity 
altitude 
angle  or  attack 

Body  gcomctry/husc  signature  control 

2.  Operational  Conditions 

Guidance  modc(s) 

Targets 

Range 

Velocity 

Altitude 

Manoeuvre  capability 
Countermeasures 
Climatc/atmosplicric  conditions 
Threat  conditions 
Density 

Range  capability  vs  missile  capability 
Guidance 

Detectors  Active/Passivc 

range 

detection 

identification 

track 

terminal 


TABLE  U 

PLUME  DATA  CHECKLIST 

1.  Rocket  Motor 

Tbrust/limc 

Propellant 

trace  elements  (K,Na,  etc.) 
signature  suppression 
Nonpropcilant  contribution 
Chamber  Conditions 
prcssurc/time 
chemical  species 
Nozzle 

design  for  signature  control 

2.  Data  test  conditions 

External  air  flow 
velocity 
altitude 
angle  of  attack 

Body  geometry/base  signature  control 

.1.  Plume  conditions 

Internal  plume  flow 
chemical  species 
reaction  kinetics 
temperatures 
pressures 
velocities 
ionization 
turbulent  mixing 
unsteady  How 
ufterbum  ignition 
shock  structure 
particle  flow 
Fiowficld  calculations 
Signature  calculations 
correlation  with  data 
extrapolation  to  missile  conditions 
uncertainties 

4.  Visible  Signature 

Radiaiion/ Flash 

Smoke 

Visibility 

Guidance  Interference 

5.  Passive  Sensor  Detected  Radiation 

Infrared  Signature 
Ultraviolet  Signature 
Millimeter  Wave 

6.  Radio-Frequency  Interactions 

Guidance  Attenuation 
Guidance  Noise 
Radar  Cross  Section 
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Fig.  1-3  Typical  Thrust-Time  and  Pressure  Curves  for  a  Boost-Sustain 
Rocket  Motor 
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Fig.  1-4  Sketch  of  a  Rocket  Exhaust  Plume  Flowfield 
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3.0  PRIMARY  SMOKE 
3. 1  Background 

For  each  of  ihc  propellants,  shifting 
equilibrium  calculations  were  performed  with  a 
chamber  pressure  of  70  atm  (7.07  MPa)  and  a 
nozzle  exit  pressure  of  1  atm  (0.1013  MPa). 
From  these  data  the  mass  percentage  of 
condensibles  at  the  nozzle  exit  were  tabulated  as 
shown  in  Table  1. 

In  an  attempt  to  provide  a  relatively  simple 
method  for  tho  primary  smoke  classification  it 
was  decided  to  base  it  upon  the  equation  for  the 
transmittance  through  a  cloud  of  polydlapcrscd 
particles  (1). 

Tr  aa  exp  l  -  3  Q  Cv  L/2  DJ2 1  (1) 

where 

Tr  ■  Transmit  lance  m  |/I0 
Q  *»  Mean  Extinction  Coefficient 

a  rn  (wavelength  of  Incident  light, 
complex  refractive  Index  of  the 
particle  rcluthc  to  (ho  surrounding 
medium,  particle  size  distribution) 
Oj2ai  Sautcr  (volumu-to-surface)  Mean 
Diameter 

Cv  ■  Volume  Concentration  of  Pe  .iclcs 
(volume  of  partieles/volum  of 
mixture) 

L  a  Path  length  which  contains  purticics 
I  a  Intensity  of  Transmitted  Light 
I0  ■  Intensity  or  Incident  Light 

In  order  lo  not  require  detailed  Mie 
calculations  for  an  assumed  particle  si/c 
distribution  and  assumed  particle  properties,  it 
was  decided  to  attempt  to  busc  the  primary  smoke 
classification  on  Cv  and  un  optical  properties 
constant  N. 

Cv  can  also  be  written 

Cv  a  Cm/denslly  of  the  particle  (2) 

where 

Cm  a  muss  concentration  of  particles 
(mass  of  purticlcs/volume  of  mix¬ 
ture) 

Tite  density  of  the  particle  Is  pro|»ortional  to  the 
pneiflc  gravity  of  the  particle  (SO),  Thus, 


where  N  contains  all  of  the  terms  in 
equation  (1)  which  cannot  be  specified  in 
this  simplified  formulation.  (For  the  same 
path  length  L,  N-  §/D3?).  For  the  present 
purpose  of  classification,  N  a  1.0 

Now  (_'m  can  be  written  (  RT/M^P ) 

where 

Mp  a  Mass 

R  *  a  Universal  Oas  Constant 

T  a  Mixture  Temperature 

Mmix  ■  Molecular  Weight  of  Mixture 
P  ■  Pressure  of  the  Mixture 

Since  the  primary  smoke  signature  is  most 
important  In  the  far-plume  region  where  mixing  is 
essentially  complete,  P  and  T  were  taken  to  be  the 
local  ambient  values.  Variations  in  MmjK  were 
ulso  neglected.  MJMm(K  is  the  mass  fraction  of 
condonsibtcs  in  the  exhaust.  Thus,  for  a  mixture 
of  condensibles  in  the  exhaust, 

Tr  a  exp  l  -  £  (%MpiN/S01)l  (4) 

where  %  Mpl  a  Mass  percentage  of 
condensible  species  i. 

The  obscuration  Is  defined  as  (l  -  Tr). 
Thus,  an  AGARD  primary  smoke  classification 
number  Is  defined  as  follow*  :• 

AGARDP 

-  l-expl-^t^N/SO,)]  (3) 

Tlti  formulation  results  in  a  classification 
scheme  for  primary  smoke  in  which  the  calculated 
number  will  lie  between  zero  and  unity. 

Using  Equation  (5),  the  detailed  data 
(totals  summarised  in  Table  1)  for  the  exhaust 
compositions  were  used  to  determine  values  for 
AGARDP,  These  are  presented  in  the  following 
classification  together  with  the  estimates  for  the 
primary  smoke  classifications  provided  by  tho 
various  AGARD  countries.  The  encircled  symbols 
represent  exhaust  pioducts  which  contain  large 
amounts  of  potassium  compounds.  These 
compounds  generally  result  from  the  inclusion  of 
Hash  suppressants  in  the  propellant  formulations. 
The  triangular  symbols  are  for  condensed  products 
which  contain  only  earoon.  Potassium  and  carbon 
smokes  generally  consist  of  very  small  particles 
and  can;  therefore,  r  mull  in  Rayleigh  scattering  of 
v^c  light, 


Tr  -  exp  (-  CmN/SG) 


(3) 


PRIMARY  SMOKE  CLASSIFICATION 


AGARDP  NUMBER 


A  0  -0.35 

B  >0.35-  0.9 
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AGARDP 

Primary  Smoke  Classification 


The  above  classification  scheme  foi  primary  smokes  Is  currently  recommended 


3.2  Limitations 

Primary  smoke  measurements  reveal  that  the 
AGARDP  values  are  somewhat  high  for 
potassium  salts  and  low  for  aluminium  additives. 
This  deficiency  may  be  attributed  to  fnilure  or  the 
classification  procedure  to  account  for  the 
differences  In  optical  properties  of  these  additives. 
The  optical  property  constant  N  (currently  taken 
as  1.0)  may  vary  considerably  for  certain 
materials  due  to  different  refractive  Indices  and 
particle  sizes  which  are  present  In  the  plume. 
When  sufficient  data  become  available  In  the 
future,  substitution  of  the  actual  values  lor  N, 
should  permit  AGARDP  to  better  fit  smohe 
observations  for  additives  such  as  potassium  and 
aluminium.  Inadequate  knowledge  of  primary 
smoke  material  properties  emphasizes  that 
AGARDP  should  not  be  substituted  for  actual 
measurements  when  smoke  specification  is  critical 
to  system  performance. 

3.3  Assumptions 

(I)  Complete  mixing  of  exhaust  prod¬ 
ucts  with  atmosphere  at  standard 
conditions 


(II)  Primary  smoke  can  be  elaisified 
using  the  percentage  of  condenalble 
metaillcs  at  the  nozzle  exit  for  the 
reference  conditions  of  70  atm  (7.09 
MPa)  chamber  presaurt  and  1  atm 
(0.1013  MPa)  exit  pressure,  with 
shifting  equilibrium,  adiabatic  flow. 

3.4  Problem  Statement 

Giver,  the  propellant  Ingredients  and  their 
heats  of  formation,  determine  the  AOARD 
primary  smoke  classification. 

3.5  Classification  Procedure 

(I)  Input  propellant  Ingredients  Into  a 
chemical  equilibrium,  adiabatic 
combustion  code  with  a  specifica¬ 
tion  chamber  pressure  of  70  atm 
(7.09  MPa)  and  an  exit  preasure  of 
1  atm  (0.1013  MPa) 

(II)  For  shifting  equilibrium  nozzle  exit 
conditions  record  (he  mass  percent¬ 
ages  of  each  of  the  condenalble 
metalllca. 
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(Hi)  Calculate  AGARDP 

■  1  —  exp  |  —  m  { ftMpjNj/SQ, }  1 

where  %Mpi  and  SGj  and  N,  are  the 
mass  percentage,  specific  gravity 
and  optical  property  constant 
(currently  taken  as  l.G)  of  species  i, 

respectively, 

<lv)  If  AGAR  DP  £  0.35 

<■  A  Classification 
ir  0.35  <  AGARDP  £  0.9 

m  B  Classification 
If  AGARDP  >0.9 

m  C  Classification 

4.0  SECONDARY  SMOKE 

4, 1  Background 

The  following  method  is  u  theoretical 
classification  method  for  secondary  smokes  based 
on  the  condensation  of  water  vapour  und/or 
water/acid  vapour  by  exhaust  gases  In  the 
presence  of  ambient  humidity.  Mole  fractions  of 
condensible  f’ascs,  le  HCI,  HP,  KOH  and  HjO,  are 
determined  using  any  one  of  the  thormochemieal 
codes  which  are  used  to  predict  rocket  exhaust 
products  assuming  equilibrium,  adiabatic  flow. 
The  calculation  for  propcllunt  secondary  smoke 
classification  is  performed  ut  a  selected  standard 
condition  (O.lOlSMPu  pressure  und  273, 15K 
temperature)  with  the  assumption  of  a  fully 
expanded,  chemically  und  thcrmully  stable 
equilibrium  exhaust  mixture  diluted  with 
atmospheric  air  to  produce  1/100011'  of  the 
original  concentration  where  pressure  Is  expressed 
in  mbars.  Isenlhulpic  mixing  was  not  considered 
because  of  the  necessity  of  using  the  heat 
contents  of  the  different  Individual  propellants. 
Although  the  following  procedure  is  greutiy 
simplified  by  neglecting  Important  effects,  it  Is 
considered  adequate  as  a  tool  for  classification 
purposes.  It  has  been  shown  (2]  that  potassium 
compounds  will  produce  secondary  smoke  in 
propellants  that  normally  have  only  primary 
smoke.  Several  researchers  have  Identified  KOH 
vapour  as  the  key  inhibiting  species  In  proposed 
flame  suppression  mechanisms  (3|.  The  existence 
of  KOH  which  is  predicted  by  thcrmochemical 
codes  to  be  In  suppressed  plumes  Is  known  to 
reduce  the  vapour  pressure  of  water  In  solution  as 
do  many  other  salts  [4,Sj,  However,  no  detailed 
data  have  been  collected  and  correlated  to  permit 
calculations  for  KOH  similar  to  those  currently 
made  for  HCI  and  HF.  The  following  discussion 
is  for  HCI  and  HF,  but  It  should  be  noted  that  the 


effects  of  KOH  on  secondary  smoke  may  have 
increased  importance  in  the  future. 

4.2  Assumptions 

(I)  Isothermal  mixing  of  the  exhaust 
with  the  atmospheric  air  to  produce 
1/1000*1'  of  the  original  concentra¬ 
tion. 

(li)  Ambient  condition*  of  0°C  or 

273. 15K  and  1  atm  <0.1013MPa). 

4.3  Problem  Statement 

Determine  the  ambient  relative  humidity 
necessary  for  the  onset  of  condensation,  given  the 
mole  fraction  of  condensible  species  (ie,  HCI,  HP 
and  HjO)  In  the  exhaust  products, 

Calculation  Procedure : 

The  condition  for  saturation  may  be 
written  as  :• 

P|hO»mt,  +  P«xh#uit  condtnilblni  ■  ^Mluratlon 

(6) 

where  P  Is  the  partial  pressure  of  the  gas. 
From  Dul ton's  Law  :• 

P  »  Mole  Fraction  <f)  x  Total  Pressure 
with  dilution  (6)  then  becomes  :• 

Pl'2°nmb"  P,a‘ “  (7) 

1.01325  (fiijo  +  •'net  +  f||F ) 

Prom  Oliver  [61.  the  normal  saturation 
pressure  of  water  is  depressed  by  a  factor  K  that 
depends  upon  the  concentrations  of  HCI  and/or 
HP.  The  saturation  pressuro  for  water  at  273.15K 
is  6.1078  mb  (610.78  Pa).  Thus, 

Pl#,  ■  K  x  6,1078  mb  (8) 

where  K  ■  partial  pressure  of  water  over 
uctd/normal  saturation  pressure  of  water 

Substitution  of  (8)  into  (7)  yields  :■ 

PlljOamb-6’10715^-  <9> 

1 .01 325(  f|i20  +  I'llCI  +  ^HP ) 


r 
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Dividing  (9)  by  6.1078  and  multiplying  by 
100  yields 

RHamb  =  <P|l,Onml/6.1078)x  100 

U0> 

=  ICO  x  (K-  ftow,  x  0.16589) 

Equation  (10)  may  be  evaluated  by 
reference  to  the  Oliver  data  in  Reference  7  or 
Figure  2*1  which  gives  values  of  K  ■  P/P0  as  a 
function  of  the  partial  pressure  of  the  diluted 
concentration  for  HC1  c-  HF  at  273. 13K. 

Equation  (10)  was  used  to  calculate  the 
ambient  relative  humidity  required  to  saturate  the 
exhausts  of  AOARD  propellants  given  the  mole 
fractions  of  HjO,  HC1  and  HF  (Fig.  2*2),  The 
saturation  relative  humidity  at  the  stated  standard 
conditions  may  be  used  as  a  figure  of  merit,  c.g, 
AOARDS  ■  52.5%  Sat  RH,  which  uniquely 
determinates  (he  secondary  smoke  classification 
for  a  given  propellant. 

Figure  2-3  shows  the  recommended 
AOARD  secondary  smoke  classification  for  actual 
propellants  which  were  submitted  by  the  various 
AOARD  countries.  The  classification  is  based 
upon  the  results  of  thermochemical  codes  run  by 
the  Individual  AOARD  countries, 

4.4  Classification  Procedure 

Curve  Fit  Approximation 

(I)  Determine  the  H20,  HCI  uml  HF 
contents  (in  mole  fraction)  of  the 
propellant  exhaust  products  from  a 
thcrmochcmicu!  prediction  with 
shifting  equilibrium  tiu/xlc  How 

(ii)  Referring  to  Figure  2-2,  determine 
the  curve  which  best  corresponds  to 
the  total  halogen  exhaust  gas  mole 
fraction  and  select  a  point  on  the 
line  whose  abscissa  corresponds  to 
the  H20  mole  fraction  of  the 
exhaust. 

(ill)  Tire  ordinate  of  the  selected  point  is 
the  ambient  relative  humidity 
required  for  saturation,  le  secondary 
smoke  formation,  The  point  also 
defines  the  AOARD  A,  B  or  C 
secondary  smoke  classification  for 
the  propellant. 


5.0  SAMPLE  CALCULATION 

To  implement  the  AGARD  smoke 
classification  procedure  one  must  first  perform  a 
thcrmochemical  calculation  assuming  shifting 
equilibrium  flow  to  determine  the  exhaust  content 
of  the  desired  propellant  formulation.  The 
appropriate  conditions  are  70  atm  (7.09  MPs)  for 
the  chamber  pressure  and  1  atm  (0.1013  MPa)  for 
the  exhaust  pressure.  Table  2  presents  a  typical 
output. 

TABLE  22 

EXAMPLE  OF  EXHAUST  CHEMICAL 
COMPOSITION 


MASS  FRACTION 

MOLAR  FRACTION 

Nn 

.1023 

N2 

.0944 

CO, 

.2368 

CO, 

.1391 

co“ 

.1161 

CO 

.1071 

H,0 

.2488 

H,0 

.3569 

Hj 

,0088 

Ik. 

.1130 

HCI 

.2577 

.1826 

FcCI2 

,0106 

FcCI, 

.0022 

AI;03(s) 

.0189 

aj2o>) 

.0048 

The  condensible  species  in  the  exhaust  aro 
AljOjis)  (with  a  mass  percentage  of  1.89  and  an 
SO“  oi  3.97)  and  FeCI,  (with  a  mass  percentage  of 
1.06  and  an  SG  of  3,16).  Thus,  from  equation 

(5)  :• 

AGARDP  «  1  -  exp  {-[(1.89  x  1.0/3.97) 

♦  (1.06  x  1.0/3.16)1) 
m  0,56 

From  the  primary  smoke  classification 
diagram  this  will  be  classified  B, 

Tabic  2  2  also  shows  that  the  exhaust  gases 
contain  both  H,0  and  HCI  with  mole  fractions  of 
0.3569  and  0.1826,  respectively  (with  a  total  mole 
Traction  cf  0.5395).  To  determine  the  secondary 
smoke  classification,  Equation  (10)  must  be  used 
together  with  Figure  2-2,  To  evaluate  Equation 
(10)  the  value  of  the  HCI  depression  factor  (K) 
must  be  determined  from  Figure  2-1,  which 
expresses  K  as  a  function  of  the  HCI  partial 
pressure  in  millibars.  The  assumption  is  made 
that  the  exhaust  Is  in  equilibrium  with  ambient 
air  at  273. 15K  and  diluted  with  atmospheric  air 
to  produce  1/1000'**  of  the  original  concentration. 
Thus,  the  diluted  partial  pressure  of  HCt  is  :• 
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PHC1  ■  (1013.22/1000)  0.1826  a  0.182  mbar 

From  Figure  2-1  the  value  for  K  is  0.48. 
Substitution  of  K  *  0.48  into  equation  (10) 
gives  ;- 

RHMlb»  100  (0.48  -  0.2392  (0.16289))  -  39% 

From  Figure  2-2  with  "Saturation  RH"  a 
39  and  "Exhaust  HaO  Content"  a  0.3269  the 
secondary  smoke  classification  is  C. 

Therefore,  the  AGARD  smoke  classifica¬ 
tion  for  the  propellant  with  exhaust  products 
given  in  Table  2  is  BC. 
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1.0  INTRODUCTION 

1.1.  Definition  of  "Primary  Smoke" 

The  exhaust  from  a  solid  propellant  rocket  usually 
contains  some  solid  material  in  addition  to  the 
main  gaseous  combustion  products  thereby, 
resulting  In  the  formation  of  a  particle  cloud  >n 
the  atmosphere  downstream  from  the  nozzle.  *lr« 
so  called  "primary  smoke"  cloud, 

1.2.  Origin  of  Primary  Smoke 

Particulates  have  a  variety  of  origins. 
Propellant  formulation  is  only  one  and  umong 
propellant  ingredients  the  main  contributors  to 
primary  smoke  arc  :* 

(I)  Burning  rate  catalysts,  c,g,  ferrocene 
compounds  (cutocetic),  lead  oxides, 
leud  sails  (lead  resorelnatc),  copper 
suits  (copper  chromate),  Iron  oxides  ... 

(II)  Anll-lnsinhlllty  additives.  c.g, 

zirconium  carbide,  zirconium  oxide, 
silicon  carbide  ... 

(ill)  Aluminium  or  other  metals  (c.g, 
beryllium,  zirconium  ...)  added  to 
Increase  the  thermodynamic 
performance. 

(Iv)  Afterburning  suppressant.  c.g. 

potassium  salts  (K2SO-I). 

This  list  Is  not  exhaustive. 

Thermodynamic  compulations  have  shown 
that  these  products,  mostly  metal  compounds,  arc 
to  Ik  found  In  exhausts  us  metal  atoms  (e.g,  Cu), 
hydroxides  (c.g.  KOH)  or  more  often  as  oxides, 
chlorides  or  fluorides.  Some  refractory  muterl.ds 
(mostly  untldnstubiliiy  additives)  do  not 
decompose  In  the  combustion  chamber  and  are 
discharged  as  particles  Into  (lie  exhaust. 

Other  than  the  propellant  all  motor  purls 
which  arc  exposed  to  flume  may  pyrolise  or  ublate 
und  generate  smoke:  eg  liner.  Inhibitor,  thermal 
Insulation,  nozzle,  etc.  Their  contribution  cun  be 
slgnu  leant,  typically  In  the  form  of  carbon  (soot), 
silica,  und  Iron  oxide,  especially  during  and  after 
burnout  of  the  motor.  Finally,  the  Igniter  may 
also  play  a  significant  role  In  die  generation  of 
primary  smoke. 

1.3  Optlcul  effects  of  Primary  Smokes 

Particle  clouds  Intcruci  with  light  in  two 
ways,  scattering  and  absorption.  Scattering  of  the 
ambient  light  can  make  smoke  highly  visible  and  a 


major  contributor  to  missile  signature  In  the 
v  slb’e  spectral  range.  Attenuation  by  smoke  can 
Interfere  with  a  guidance  system  should  optical 
comm  unicution  be  used  between  the  launching 
platform  and  the  missile  or  its  target. 

i  .y  i  Attenuation 

Attenuation  depends  upon  various  factors  :• 

(i)  The  structure  of  particles  defining 
their  complex  optical  index.  Their 
shape,  size  and  distribution,  aspect 
ratio,  surface  angularity  and  roughnesa 
are  all  dominant  parameters,  Since  It 
Is  difficult  to  describe  arbitrary  shaped 
particles  in  calculations,  they  are  often 
considered  lo  be  spherical 

(11)  Thu  optical  wavelength 

(ill)  Particle  concentrations  which  arc 
directly  dependant  upon  motor 
parameters  und  flight  conditions 

(iv)  The  optical  path  ucroas  the  cloud. 
Note:  The  wavelength  (A)  and  the 
purticlc  size  (r,,)  are  strongly  related 
through  the  dependence  of  attenuation 
on  the  dimensionless  size  parameter 
iv  -  2.1  rP/A 

The  lust  two  parameters  arc  connected  with  motor 
performance  and  particularly  the  mass  How  rate. 

The  radiation  intensity  loss  due  to  primary 
smoke  Is  the  consequence  of  the  scattering  and 
absorption  !>y  particles  and  can  be  expressed 
according  lo  the  Beer-Luinbcrt-Boligucr  law  for 
monodispersion  :• 


tH 

I 


-  -  "  ”  rV2  t)( 


or  with  u  constant  exponent  coefficient 
I 


exp  (■  yM|  f) 


L 


where 


= «  *  y  <J«i 

t  Is  nppt'n-  path  length  ami  (J  Ihe  extinction 
coefficient. 
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where  r  is  the  transmittance 


Cv  is  the  particle  concentration  by  volume 

V  is  the  individual  particle  volume 

Calculation  or  a  plume  riowricki  permits  the 
transmittance  to  interface  with  motor  parameters 
such  as  mass  flow  rate  or  chamber  pressure  by 
substitution  of  parameters  Cy  and  f  in  the 
formula. 

Since  the  monochromatic  beam  crossing  die 
plume  scatters  from  particles  of  varying  number 
density  and  size,  the  equation  must  he  modified 

US  t- 


In~m  -J‘J  00  n  (rp)  .1  r,2  Q„,  (r(l)  drp  sir 

I„  O  0 


The  extinction  coefficient  can  lie  predicted 
by  Rayleigh  or  Mle  theory  for  upherleul  particles 
of  a  given  refractive  index  and  Monochromatic 
light  of  wavelength  k  [1|  (2)  |3|.  Ttie  light 
scattering  theory  allows  calculation  of  dllTereut 
values  of  Qcw  over  each  of  the  following  ranges  :• 


The  particles  collected  in  rocket  exhaust 
plumes  with  various  mass  flow  rates  show  that 
equivalent  diameters  of  non  aggregate  particles 
luy  between  0.1am  to  30.0am  (Fig.  3-2).  A  large 
number  of  small  particles  with  diameters  probably 
in  the  range  0.01am  to  0.1am  also  exist,  these  are 
difficult  to  quantify,  hut  their  sire  precludes 
important  scattering  over  the  visible  region  of  the 
electromagnetic  spectrum,  in  the  visible,  near  or 
middle  Infrared,  (he  important  scattering  is 
generally  described  by  Mle  theory, 

Following  this  theory,  when  u  particle  of 
complex  index  m  -  n  •  tk  is  illuminated  by 
ttnpoiurl/.cd  light,  represented  by  two  electric 
vectors  perpendicular  and  parallel  to  the  plane  of 
observation  (Fig.  3-3)  bttl  having  no  coherent 
relationship,  the  scattered  light  consists  of  two 
Incoherent  components  (indexed  1  and  2)  such 
that  the  total  ungulur  intensity  is  ;• 

I  «))  -  i  (I,  (0)  *  I,  <(.)» 


E  Is  the  irnidluncc  of  tliu  particle  and  l(  and 
me  the  Mle  functions,  expressed  by  a  product 
of  Ruccutl-Bcsscl  functions  (f,  I")  and  Legendre 
polynomials  (g,  g')  which  are  labuluted  In 
mathematical  literature,  giving 


(I)  When  the  particle  diameter  Is  far 
smaller  than  the  wavelength,  the 
scattering  is  called  Rayleigh  scattering, 
Scattering  of  this  type  varies  directly 
as  the  second  power  of  the  particle 
volume  and  Inversely  us  the  fourth 
power  of  the  wavelength.  Equal 
amounts  of  flux  are  scattered  Into  the 
forward  und  buck  hemispheres  (Fig. 
3- la) 

(II)  When  the  particle  diameter  Is  greater 
than  about  one-tenth  of  the 
wavelength,  the  greater  overall 
scattering  and  pattern  complexity  (Fig 
3-lb  and  c)  requires  that  (he  theory 
developed  by  Mic  be  used.  Although 
this  theory  Is  confined  solely  to 
isotropic  spheres,  it  Is  customary  to 
employ  it  even  when  particles  may  be 
somewhat  Irregular  in  shape  such  us 
those  issuing  from  prnpullunts. 

(III)  When  the  particle  diameter  Is  very 
large  with  respect  to  the  wavelength, 
It  is  necessary  to  apply  the  luws  of 
geometrical  opties. 


I,  -  I'  (or,  m)  .  g  (k)  and  l2  -  l"  {(»,  m) .  g'  (k) 

Figure  3-4  gives  variations  of  log  l|  and  log 
I.,  versus  0  lor  particles  of  AI^U^  und  C  (soot) 
when  V  -  4.1"  (Defined  in  Fig,  ,V2).  (I,  -  L  lor  0 
*  II),  r  -  I/on  und  k  «  t),7/ou  |S|. 

The  Mle  coefficient  t^,c  which  can  be 
expressed  by  a  ratio  of  the  total  .scattering 
cross-section  of  u  particle  to  Its  geometric  section 
(independent  of  0)  is  given  :• 


"  0 1  H2)  sin  Odd 

)  2V  0 

Tlte  difference  between  the  total  flux 
removed  front  the  Incident  beam  (Qvxt)  a,,d  that 
scattered  (Qw)  must  be  the  flux  attributed  to 
absorption  by  the  particle,  which  occurs  when  the 
refractive  Index  is  complex.  Since  the  extinction 
effects  of  scattering  und  absorption  are  additive, 
we  have 
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Q«*i  *  Q*  *  Q«b. 

Qex|  and  Qsc  are  given  by  the  former  equations 
solving  for  the  total  complex  index  or  its  real  part 
respectively,  Q„b,  Is  obtained  from  the  difference. 

Typical  variations  of  QMl  arc  given  in 
Figure  3*3  (a,  b)  (6).  An  example  of  the  Influence 
of  the  imaginery  part  of  the  index  on  the 
scattering  and  extinction  coefficients  is  given  in 
Figure  3-5c. 

In  a  real  rocket  motor  exhaust  with  a  large 
range  of  particle  sizes  the  scattering  is  more 
Isotropic  than  suggested  by  Figure  3-4, 

A  direct  measurement  is  often  preferred  to 
a  numerical  computation  which  depends  upon  a 
large  number  of  III  defined  parameters  This  Is 
particularly  the  case  for  optical  Indices  found  in 
the  literature  for  pure  compounds  at  room 
temperature  This  data  applied  to  particles 
present  l>  the  rocket  exhaust  is  highly 
questionable.  Nevertheless,  Miu  scattering 
calculations  arc  useful  for  Interpreting  results  of 
measurements  and  applying  them  to  propellant 
optimization  and  other  aspects  of  rocket  motor 
design, 

Figure  3 "6  shows  the  nature  of  particles  In 
an  original  way.  Two  graphs,  representing 
different  wavolengths,  show  the  particle  mass 
fraction  inducing  a  transmission  factor  (T)  of  ‘>5rW 
across  a  given  particle  cloud  (optical  pudt  -  1  in, 
dilution  -  5  x  i O'2)  as  a  function  of  particle  size. 
The  condensed  mass  fraction  In  the  plume  of  a 
given  propellant  and  in  a  suction  of  equivalent 
dilution  must  keep  under  the  curves  la  order  to 
obtain  the  specified  transmission  level. 

Such  representation  (Figs  3-0  und  3-7)  make 
it  appear  that 

(I)  Carbon  or  soots  are  very  absorbing, 
whatever  the  wavelength, 

(!i)  When  the  particle  taolus  Is  not  too 
large,  transmission  is  better  In  the 
infrared  than  In  the  visible  region  of 
the  electromagnetic  spectrum. 

(ill)  Copper  und  lead  have  similar 
scattering  features  (but  with  respect  to 
only  the  volumetric  fraction,  leud  is 
mote  transparent  than  copper), 

1.3.2  Effects  of  Smoke  Visibility 


detected  or  the  launch  platform  located.  Equally, 
smoke  cun  obscure  a  target  or  missile  from  an 
optical  guidance  operator  (case  of  visual  target 
designation  guidance). 

It  is  therefore  necessary  to  establish  the 
existence  of  these  important  effects  since  they  are 
likely  to  prove  more  difficult  to  overcome  than 
the  cfrect  of  attenuation  on  guidance, 

1.3.2. 1  Smoke  Visibility  In  the  Sky 

The  term  visibility  is  generally  used  to 
describe  the  possibility  of  detection  by  an 
observer  without  the  aid  of  any  auxiliary  device. 
Quantitatively,  visibility  Is  expressed  as  a 
probability  of  detection  for  a  given  contrast 
between  the  object  (the  plume)  and  its 
background,  in  this  cusc  the  sky,  Ignoring 
chromatid ty  factors  as  being  less  Important  than 
luminance  contrast,  the  plume-background 
inherent  contrast  C,t  Is  defined  hy  :• 


c  -  lj?- — Lit— 

n  I 

Lh 


where  L|t  and  Lh  are  the  luminances  of  the  plume 
and  the  background  with  respect  to  u  given 
observation  point  in  u  given  wavelength  hand. 
The  contrast  tends  to  -1  for  an  ideal  black  object 
um!  may  have  u  large  positive  value  If  Lp  >  L(), 

Calculation  of  conlrust  involves  a  detailed 
knowledge  or  all  radiation  sources  and  transport 
functions  (sunlight,  diffuse  skylight,  diffuse  light 
from  ground,  •  •),  The  plume  optical 
transmittance  T  appears  in  the  contrast  equation. 
For  a  given  sunlight,  making  u  hypothetical  angle 
of  7  with  the  direction  of  observation  (l.e.  setting 
sun  In  the  buck  of  observer,  plume  near  the 
hnri/on),  the  transmittance  appears  lor  example, 
in  the  plume  luminance  expression  (assuming 
single  scattering)  :- 


l,,  -  —  (i  -  r2) 

sun  2 


The  visibility  of  smoke  issuing  from  a 
burning  rocket  motor  has  two  distinct  adverse 
effects,  it  allows  the  missile  In  flight  to  he 
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T  being  exp  (-yew  i),  with  (  the  plume  dimension 
in  the  direction  of  observation  and  E()  the 
irradiance  [5], 

Moreover  transmission  through  the 
atmosphere  affects  the  plume  background  contrast 
because  of  the  angular  scattering  of  environmental 
light  towards  the  observer  within  his  cone  of 
vision  (Fig.  3-8). 

Considering  a  horizontal  line  of  sight,  the 
apparent  contrast  plume-horizon  at  a  distance  R 

becomes 

CR  “  Co  e*P 

The  values  of  y u  (hyp.  y  |(lk  -  0)  are  presented  in 
Table  1  for  standard  configurations.  |9| 


stability  or  energetic  performance.  Accepting  this 
point,  loose  specifications  such  as  "primary  smoke 
should  be  minimized"  can  often  result  in 
unacceptable  exhaust  smoke  levels  and  should  be 
avoided. 

The  missile  designer  would  like  to  specify  a 
maximum  level  or  smoke  compatible  with  the 
operational  needs  of  the  missile  and  then  be  able 
to  check  that  this  specification  is  met  by  the  solid 
rocket  motor  proposed  by  the  propulsion  engineer. 

Methods  of  primary  smoke  assessment 
should  therefore  Include  (a)  experimental 
procedures  to  rank  propellants,  other  motor 
components  and  finally  the  assembled  motors  with 
respect  to  primary  smokes  and  (b)  computational 
methods  to  predict  primary  smokes  and  translate 


TABLE  3.1 

INTERNATIONAL  VISIBILITY  CODE,  METEOROLOGICAL  RANGE,  AND  SCATTERING 

COEFFICIENT 


Cotie 

No 

Meteorological  range 
Weather  condition  Rm 

Scattering  coefficient 

v  Ikin'  ^ ) 

metric 

'  »c 

0 

Dense  fog 

•  50  m 

>7X,2 

1 

Thick  fog 

50  m 

78.2 

200  in 

I9.(> 

2 

Moderate  fog 

200  m 

19,(> 

500  in 

7.82 

3 

Light  fog 

500  in 

7.82 

1000  ill 

3.91 

4 

Thin  fog 

i  km 

3.91 

2  km 

1 .% 

5 

Hn/e 

2  km 

1 .% 

4  km 

0.954 

6 

Light  Haze 

4  km 

0.954 

10  km 

0.391 

7 

Clear 

i<>  km 

0.391 

20  km 

0.1% 

8 

Very  clear 

21)  km 

0.1% 

50  km 

0,078 

9 

Except  ionully  clear 

50  km 

0.078 

* 

Pure  air 

277  km 

0.0141 

1.4  Goal  of  this  Work 

operational  requirements  into  motor  specifications 
It  Is  obvious  that  primary  smoke  is  that  could  he  checked  by  established  experimental 

undesirable  but  most  of  the  time  unavoidable.  procedures. 

Although  some  control  of  the  smoke  producing 
properties  of  different  components  in  u  solid 
rocket  motor  Is  possible  a  very  low  level  of 
primary  smoke  is  usuulty  achieved  only  at  the 
expense  of  other  more  desired  qualities  such  as 
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2.0  DESCP,DYIONS  OF  VARIOUS  METHODS 
OF  PRIMARY  SMOKE  ASSESSMENT  USED 
IN  NATO  COUNTRIES 

2. 1  Visibility  of  Primary  Smoke 

From  an  operational  viewpoint, 

specifications  for  primary  smoke  visibility  should 
be  defined  in  terms  of  whether  or  not  a  missile 
will  be  visible  to  an  enemy  observer.  Because  this 
factor  is  ensitive  to  the  operational  environment, 
one  of  a  limited  number  of  typical'  or 
'worst-case*  environmental  conditions  should  he 
defined  for  the  missile,  specifying  the  solar  flux, 
the  background,  the  atmospheric  conditions  or  any 
parameter  likely  to  affect  the  visibility. 

Following  the  US  Army  methodology, 
visibility  can  be  defined  in  terms  of  the 
probability  of  missile  detection  by  unaided  human 
eye.  The  major  physical  factors  determining 
visibility  arc  the  size  and  shape  of  the  plume,  its 
contrasi  with  the  background  and  transmissivity 
of  the  atmosphere;  they  can  lie  derived  from 
modelling  plume  flow  and  scattering  of  solar  flux. 
Dctec*  ‘  i  probability  is  related  to  natural 
variations  in  human  eye  res|K>nsc  between 
individuals. 

Many  well,  and  less  well  supported 
assumptions  have  to  Ik-  made  iu  the  process.  The 
main  weakness  is  thought  to  be  the  determination 
of  the  optical  properties  of  particles. 

i he  theory  of  interactions  between  light  ami 
particles  is  approached  in  Section  1.3.  It  solves 
the  Maxwell  equations  for  the  interaction  Iki ween 
a  monochromatic  plane  wave  and  a  spherical 
particle  and  was  first  written  by  Mio  at  the 
beginning  of  the  century.  It  addresses  both 
scattering  and  absorption  by  particles,  lint  requires 
the  knowledge  of  little  known  parameters  such  as 
the  particle  size  and  its  optical  index. 
Furthermore  the  assumption  of  a  spherical  particle 
shape  nas  to  be  made. 

An  experimental  approach  has  been 
attempted  in  the  U.K.,  with  various  methods  of 
mcasuicmcnt.  These  include  measuring  the 
intensit'1  of  the  reflected  component  front  high 
intensity  ligl..  sources  impinging  on  a  smoke  cloud 
and  photographs  of  contrast  scenes  through  the 
cloud,  either  at  the  lime  of  Tiring  or  from  cine  or 
video  records.  All  oT  these  methods  can  provide 
uscf  'l  information  and  differing  smoke  levels  can 
he  delected.  Howe'er  no  one  system  can  provide 
all  of  the  required  information.  More  complete 
information  can  be  found  elsewhere  |I0|  1 1 1|. 


It  may  suffice  here  to  emphasize  that  a  complete 
and  accurate  assessment  methodology  is 
unfortunately  not  available  hut  could  be  developed 
using  present  stale  of  the  art  techniques. 

2.2  Opacity  of  Primary  Smoke 

Plume  opacity  assessment  is  a  much  less 
difficult  task  than  plume  visibility.  Opacity  is  a 
physical  parameter  that  can  be  directly  measured 
and  is  independent  of  the  optical  environment. 

Accurate  and  validated  models  for  opacity 
prediction  arc  sldl  unavailable,  but  experimental 
techniques  have  been  developed  and  used  for 
years.  From  an  engineer's  viewpoint,  transmission 
measurement  is  the  only  available  way  to  assess 
primary  smoke. 

2.2.1  Transmission  Measurements  In  Static 
Tesls 

The  U.S.,  the  U.K..  France,  Germany  and 
llnlv  arc  performing  plume  transmission 
measurements  on  static  tests,  with  the  implicit 
assumption  that  the  result  of  a  comparison 
between  two  motors  on  a  ground  static  lest  should 
lie  qualitatively  tinclumwd  In  flight.  An 
improvement  in  grotmi  sting  transparency 
results  is  interpreted  ^  an  Improvement  of 
transparency  properties  in  flight,  The  methodology 
to  irat  slate  transmission  measurements  from 
static  tests  into  quantitative  flight  predictions  is 
not  yet  available,  hut,  as  for  primary  smoke 
visibility,  it  could  he  developed  with  existing 
techniques. 

Therefore,  the  practical  application  of  plume 
transparency  measurements  on  static  firings  is  the 
comparison  of  propellants  or  motors,  one  with 
another.  In  some  eases,  the  purpose  of  these 
measurements  is  limited  to  a  s|iecific  study  -  like 
the  improvement  of  a  motor  with  respect  to 
primary  smokes,  nr  the  assessment  of  new 
ingredients  in  a  propellant  formulation;  the 
experimental  procedure  can  be  defined  on  a  case 
hy  case  basis.  For  more  general  purposes,  such  as 
having  a  quantitative  method  for  comparing  the 
smoke  properties  of  a  broad  range  of  solid  rocket 
propellant  formulations,  a  widely  accepted, 
standardised  procedure  is  required. 

In  the  following  paragraphs  more  details  will 
he  given  on  the  instrumentation,  experimental 
procedures  and  interpretation  of  measurements 
used  in  France,  the  U.S.A.,  and  the  U.K.  for  the 
assessment  of  primary  smoke  transparency. 


Smoke  visibility  is  an  area  where  the 
development  of  measuring  techniques  is  required. 
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2.2.3  French  Methodology 

2.2.2. 1  Transmissometers 

The  transmissometcrs  used  in  France  (SNPE) 
are  or  three  kinds : 

(i)  The  first  kind  and  oldest  were 
commercially  available  apparatus 
(brand  name  :  SICK)  and  are  used  in 
the  facilities  described  in  the  nest 
section.  The  source  is  a  wide  spectrum 
lamp,  with  a  beam  chopper,  and  the 
detector  is  a  silicon  cell. 

The  two  other  types  were  custom  built 

(ii)  The  source  is  a  wide  spectrum  lamp 
emitting  a  large  beam  in  the  visible 
and  IR  range.  The  detector  is  a 
radiometer  equipped  with  a  telescope. 
The  desired  optical  response  cun  he 
adjusted  with  a  spectral  filter  between 
0.4/im  and  1.1/tm.  100%  and  0% 
transmission  levels  ure  recorded  before 
the  firing, 

(iii)  The  source  is  a  HE-NE  laser  (0.63/tm). 
The  detector  is  a  silicon  cell  equipped 
with  a  narrow  hand  filter.  Calibration 
is  performed  before  each  firing  by 
intercepting  the  laser  beam  with  a 
range  of  neutral  density  filters.  Optical 
alignment  is  used  to  ensure  that  the 
transmissometcr  axis  crosses  the  motor 
axis  (Fig.  3-9).  More  details  cun  be 
found  in  Appendix  A. 

The  wavelengths  of  interest  are  in  the 
0.4/ cm  to  14/im  region,  the  most 
studied  being  lO.b/nn,  and  those  in  the 
visible  range  (human  eye  response). 
Tiansmission  at  ().f>3/im  is  considered  a 
good  estimate  of  transmission  in  the 
visible  range. 

2.2.2. 2  Experimental  Facilities  and 
Procedures 

Experimental  procedures  for  primary  smoke 
measurements  vary  from  facility  to  facility. 
However,  measurements  made  at  different 
facilities  on  identical  motors  have  shown  good 
agreement  with  each  other. 

Firing  facilities  for  the  specific  purpose  of 
smoke  assessment  arc  used 

(i)  The  ■fumirnetre"  which  is  a  kind  of 
wind  tunnel  housing  a  fan  (Fig.  3-10) 


(ii)  The  tmne  opacimetrique”,  an  open 
firing  facility  (Fig.  3-11). 

However,  most  smoke  trials  are  performed 
on  firing  locations  which  have  not  been  optimized 
for  transmission  measurements  thereby  suffering 
adverse  changes  in  environmental  conditions 
(wind,  rain,  etc  ...).  Transmissometers  are  mounted 
just  before  a  test  run  and  dismounted  after. 

Transmission  measurements  are  not  used  to 
identify  propellants  for  classification,  but  are 
limited  to  the  task  of  studying  specific  propulsion 
systems.  The  foregoing  firing  facilities 
("fumimetre"  and  'banc  opacimetrique')  function 
primarily  for  the  assessment  of  smoke  produced 
by  inhibitors.  For  such  work  motors  with  end 
burning  grains  (diameter  90  mm)  of  identical 
propellant  formulation  arc  fired.  The  other  test 
facilities  arc  used  to  compare  different  propellant 
formulations  and  to  assess  the  effect  of  including 
additives  f  1 2).  These  firings  employ  motors  with 
radial  burning  grains  with  a  constant  burning 
surface  and  identical  inhibitor;  the  motor  thrust  is 
typically  between  2500N  and  5000N. 

The  transmissometcr  locations  in  the  specific 
firing  facilities  are  indicated  in  Figures  3*10  and 
3-11.  For  other  tests,  the  transmissometcr  beam 
makes  a  .1/2  rad  angle  with  the  motor  axis  and  is 
located  3m  to  4m  downstream  of  the  nozzle  exit 
or  beyond  the  afterburning  flame  if  It  is  longer 
than  3m.  Transmission  is  measured  after 
completing  one  traverse  through  the  smoke  plume. 

The  detailed  procedure  for  transmission 
measurements  in  a  free  jet  with  a  0.63/im  laser 
transmissometcr  is  given  in  Appendix  A. 

2. 2. 2. 3  Presentation  and  Interpretation  of 
Transmission  Measurement 

Results  of  plume  transmission  measurements 
are  analysed  case  by  case  except  for  those 
transverse  measurements  on  standard  motors  for 
which  a  standard  procedure  exists. 

Measurements  are  time  averaged  having 
bcforehanJ  eliminated  the  unsteady  part  of  the 
record  at  ignition  and  at  the  end  of  firing.  That 
remaining  usually  maintains  a  steady  mean  level 
making  the  averaged  value  representative  of 
existing  smoke  conditions  (Fig.  3- 12). 

To  compare  the  smoke  properties  of  two 
propellants  it  is  essential  that  the  test  motors  are 
the  same  in  ail  respects  other  than  the  propellants 
and  that  the  test  environmental  conditions  are 
identical  for  each  firing.  If  this  is  not  the  case 
then  only  a  qualitative  comparison  is  possible.  No 
reliable  quantitative  corrections  are  applied. 
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There  is  no  methodology  to  extrapolate 
transmission  measurements  from  reduced  scale 
tests  to  those  of  full-scale,  consequently,  a 
quantitative  assessment  of  the  primary  smoke  of  a 
given  motor  requires  a  lull  scale  firing.  For  large 
motors  this  is  especially  costly  and  difficult  since 
the  firing  facilities  for  these  motors  arc  rarely 
suitable  for  transmission  measurements. 

Atmospheric  conditions  have  little  influence 
upon  transverse  transmission  but  are  believed  to 
be  a  major  cause  of  non  reproducibility  in  axial 
transmission  measurements.  The  latter  are  mainly 
used  qualitatively  to  observe  the  evolution  of  the 
plume  during  and  after  the  firing  or  to  compare 
low  smoke  motors  which  cannot  be  separately 
distinguished  by  transverse  transmission 
measurements. 

2.2.3  U.S.  Methodology  (13) 

Transmission  measurements  arc  oniy 
conducted  on  a  regular  basis  at  M1COM  in  the 
Army  Signature  Characterisation  Facility  (SCF). 
This  facility  is  designed  for  simultaneous 
assessment  of  primary  and  secondary  smokes,  but 
climatic  conditions  can  be  set  to  prevent 
secondary  smoke  formation  thereby  allowing 
primary  smoke  assessment  only. 

2,2.3. 1  Transmlsxometerx 

Chopped  emissions  from  u  200W  (5011/) 
tungsten-halogen  lamp  arc  measured  al  ter  passing 
through  a  distance  of  5.3m  by  filtered  silicon 
diode  detectors.  Two  detectors  approximate 
pholopic  response  with  peaks  at  O.SS/tin.  Others 
have  narrow  hand  (0.01/iin)  interference  filters 
peaked  at  l).52/im,  0.63/jm,  0.85/mi.  0.95/<m  and 
1.06/im  respectively.  Objective  lenses  (34nun 
diameter  atu t  66mm  focal  length)  are  used  with 
field  stops  to  limit  the  angular  field  to  less  than 
0.17rad  (10°).  This  reduces  the  collected  radiation 
scattered  from  angles  other  than  the  forward 
direction. 

Signal  intensity  data  arc  sampled  at  u  rate 
of  600Hz.  They  are  ratioed  to  the  100%  pre-test 
value  recorded  immediately  before  the  firing  and 
average  transmission  values  arc  obtained  for  Is 
intervals. 

A  recent  acquisition  is  the  Series  7000 
Nicolet  Fourier  Transform  Interferometer  System 
(FITS)  which  extends  the  spectral  range  and 
capability  of  the  SCF,  Tlte  system  which 
incorporates  two  interferometer  spectrometers 
interfaces  with  the  climatic  chamber  as  illustrated 
by  Figure  3-13.  A  iransmission/absorption 
spectrometer,  using  the  chamber  as  a  sample  cell, 
modulates  and  projects  the  beam  energy  to  a 


remote  detector  positioned  diagonally  across  the 
chamber.  A  second  interferometer  spectrometer 
employs  a  mirror  to  collect  emitted  energy  from 
the  motor  plume.  The  design  permits  measurement 
of  the  afterburning  plume  emission  as  well  as 
transmission  through  the  smoke  produced  by  the 
motor.  Optics  and  detectors  are  available  for  the 
FTIS  which  access  the  spectrum  from  0.5/un  to 
25/im,  with  varying  degrees  of  sensitivity. 
Portions  of  the  visible  and  1R  may  be  scanned  at 
variable  rates  up  to  10s*1.  The  FTIS  has  a 
resolution  capability  of  0.06cm*1.  A  4  5  million 
word  dual-disk  based  data  system  permits  great 
flexibility  in  selection  of  operational  parameters 
(resolution,  scan  rates,  gain,  etc  ...),  as  well  as 
data  analysis  and  presentation.  Interferograms  are 
generated  by  means  of  a  Mlchelson  interferometer 
with  a  HcNc  laser  operating  as  a  reference  at 
0.63/jm.  The  inlcrfcrogram  signals  are  converted 
by  mathematical  Fourier  transformation  from  the 
time  domain  to  the  frequency  domain. 

Individual  luscr  sources  have  also  been 
occasionally  used  emitting  at  1.06/zm  and  10.6/rm. 

2. 2. 3. 2  Experimental  Facilities  and 

Procedures 

The  US  Army  MICOM  Signature 
Characterization  Facility  (SCF).  was  developed  to 
evaluate  propellant  smoke  phenomena  over  a  wide 
range  of  climatic  conditions  (Fig.  3-13).  The 
smoke  test  chamber  is  a  modified  environmental 
room.  It  ha,,  dimensions  of  5.96m  x  1.58m  x 
2.08m,  or  19.6mJ  which  gives  an  air  to  exhaust 
ratio  of  380:1  (based  on  weight  of  dry  air  at  STP) 
when  firing  u  motor  containing  70g  of  propellant. 
The  temperature  range  is  from  233K  to  330K 
(-4(FF  to  14()’F)  and  relative  humidity  can  be 
varied  from  20%  to  100%.  For  primary  smoke 
assessment,  these  parameters  urc  chosen  to 
prevent  secondary  smoke  formation. 

Structurally,  the  smoke  test  chamber  is 
designed  to  withstand  2  x  104Pa  internal  dynamic 
overpressure.  A  spring  loaded  swing-out  door  at 
the  chamber  end  opposite  the  motor  is  used  to 
relieve  the  temporary  overpressure  caused  by  a 
motor  firing.  To  reduce  corrosion  by  exhaust 
gases,  the  stainless  steel  walls  are  coated  with  a 
black  |x)lyvinyiucrylatc  paint.  The  exhaust  gases 
and  conditioned  air  arc  stirred  at  a  rate  of  about 
0.83mV  (gas  velocity  0.3ms'1)  by  twelve-inch 
diameter  fans  mounted  at  each  end  of  the 
chamber  on  opposing  walls.  A  uniform  mixture  is 
verified  by  equivalent  transmission  analogues  of 
different  optical  paths  in  the  chamber. 

The  detectors  arc  located  at  various  points 
surrounding  the  motor  and  looking  at  the  source 
5.3m  away  at  the  opposite  end  of  the  chaml>cr. 
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A  70g  case  bonded  motor  (50.8min  diameter 
x  50.8mm  long,  centre  perforated,  6.4mm  web) 
with  a  smokeless  igniter  end  no  inhibitor  is  used 
(Fig,  3-14).  A  typical  smokeless  pyrogen  igniter 
contains  one  to  three  grains  or  N5  double  base 
propellant.  Tests  have  shown  this  amount  to  be 
undetectable  in  the  SCF.  in  special  eas c*  an 
igniter  may  be  developed  using  the  test  propellant 
as  powder. 

For  testing  inert  motor  components,  a  special 
motor  is  used  (Fig,  3-15). 

Procedures  used  in  conducting  the  tests  can 
best  be  considered  as  having  three  pauses 

(i)  Facility  preparation  and  conditioning, 

(ii)  Motor  firing  into  stirred  chamber  with 
data  recording 

(iii)  Post  firing  exhaust,  clean  up,  anti  data 
analysis. 

During  the  preparation  period  ait 
instrumentation  is  set  up  and  calibrated,  uuci  the 
chamber  is  conditioned  by  circulating  air  through 
the  conditioning  duct  (containing  the  cooling 
coils,  humidifier,  and  drier)  and  the  test  chamber. 
The  air  is  first  conditioned  to  the  approximate 
test  temperature,  then  the  humidity,  controlled  by 
the  humidifier  and  drier,  is  set  to  a  tnic  dew 
point.  In  ail  cases,  only  the  air  is  conditioned 
allowing  the  insulated  walls  to  come  to  some 
steady  state  temperature,  depending  upon  the 
effectiveness  of  the  insulation.  This  time  period 
ranges  from  two  hours  to  overnight,  depending 
upon  the  severity  of  the  conditions.  Near  the  end 
of  the  conditioning  period  all  instrumentation 
(calibration)  is  checked  and  the  auxiliary 
equipment  (particle  size  measuring  devices,  etc  ,..) 
set  up  and  calibrated.  The  motor  is  prepared  tor 
firing  and  inserted  into  the  end  of  the  chamber 
through  the  closure.  When  the  conditioning 
process  is  complete,  (lie  dr  bulb  and  dew  |K>inl 
temperatures  are  tracking  within  IK,  This 
provides  an  initial  humidity  control  ol  ±  5% 
relative  humidity. 

The  second  phase,  or  test  phase,  is  initiated 
by  closing  the  damper  to  the  conditioning 
equipment  and  firing  the  motor  in  the  chamber. 
Data  aw  recorded  for  six  minutes  as  mixing 
continues,  and  the  chamber  reaches  a  quasi-steady 
state  condition.  By  contrast  with  freejet 
measurements  the  transmission  measurements  are 
made  in  a  uniform  post  firing  cloud  (stirred  by 
fans)  and  not  during  the  bum  time  of  the  motor. 


motor  pressure  and  the  temperature-humidity 
history  of  the  nir/exhaust  mixture.  Other 
temperature.)  at  various  points  In  the  chamber, 
ho'h  wall  surface  and  air,  are  monitored  using  a 
thermocouple  scanner  that  prints  each  channel  at 
preset  time  intervals.  The  data  is  later  digitized 
and  processed  using  a  computer  code  which 
averages  the  transmission  and  prin'i  a  data  word 
for  each  10s  Interval  during  the  test.  Selected 
channels  may  then  be  plotted  for  graphical 
display. 

In  the  final  phase  the  chamber  is  purged 
through  the  exit  door  and  all  conditioning 
equipment  is  shut  down.  While  the  chamber  is 
being  cleaned  and  prepared  for  another  test,  the 
data  Is  processed  for  analysis. 

2. 2. 3. 3  Presentation  and  Interpretation  of 
Transmission  Measurements 

Transmission  results  for  each  wavelength 
channel  are  tabulated  us  a  function  of  time  for 
the  period  of  approximately  360s  after  the  end  of 
motor  firing.  The  smoke  transmission  may  then  be 
plotted  lor  one  or  more  tests  in  the  form  shown 
of  Figure  3-16  which  shows  the  transmission 
properties  of  a  minimum  smoke  propellant  at 
several  test  conditions, 

Transmission  values  at  five  minutes  are 
typically  reported  as  u  figure  of  merit  lor  the  test 
item  ami  Imve  been  found  suitable  for  comparison 
between  propellants.  Figure  3-17  shows  results  of 
tests  for  various  types  of  propellants  at  a  single 
lest  condition.  Figure  3-1 H  shows  the  results  of 
testing  various  insulation  materials. 

Primary  smoke  tratisrniltunces  are  repeatable 
to  within  5‘T  over  a  wide  range  of  moderate 
climatic  conditions  und  ure  well  within  motor  to 
motor  variation. 

2. 2. 3. 4  Particle  Sizing  Instrumentation 

Particle  measurements  are  frequently 
obtained  using  u  Climct  208  particle  analyser  and 
Cl  210  counter-printer.  The  empirically  calibrated 
particle  analyser  system  works  on  the  principle  of 
forward  angular  scattering  of  a  focused  white 
light  by  isokinctically  sampled  particles  in  the 
range  of  a  0.3/rm  to  greater  than  10/im.  These 
particles  are  counted  and  classified  by  size  in  16 
bins.  Complete  size  distribution  may  be  acquired 
as  rapidly  us  one  per  8  5s  Smoke  concentrations 
encountered  usually  require  dilution  to  avoid 
optical  saturation  of  the  analyser. 


All  optical  data  channels  arc  recorded  on 
computer  and  analog  magnetic  tape  together  with 
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2.2.4  U.K.  Methodology 

Transmission  measurements  carried  out  in 
the  UK  have  concentrated  on  the  use  of  two 
facilities. 

For  low  thrust  motors  (up  to  400N)  a  smoke 

tunnel  is  used,  but  firings  of  lifgher  thrust  motors 
are  carried  out  on  an  open  range,  feach  facility 
has  its  own  specially  built  instrumentation. 

2.2.4. 1  Transmissometers  [14] 

For  smoke  tunnel  firings  u  0,9/im 
transmlssometer  is  primarily  used.  The  source  is 
an  IR  emitting  diode  pulsed  at  500H*.  The 
detector  is  equipped  with  a  narrow  hand  filter. 

For  standard  tests  on  the  open  rungc  futility 
a  visible  light  system  is  used.  Thu  source  is  a 
quartz  halogen  lump  (emitting  u  continuous 
signal).  The  optical  receiver  is  u  modified  SLR 
camera  fitted  with  a  photometric  rcs|xmdlng 
photodiode  detector. 

For  other  transmission  measurements,  a 
general  purpose  optical  receiver  hus  been 
designed.  This  instrument  is  rcudily  adaptable  for 
use  on  a  variety  of  applications  und  can  l>c  used 
for  simultaneous  measurements  In  three 
wavebands.  The  construction  permits  quick 
changes  of  detectors,  filters  und  lenses.  Vuriuhlc 
gain  detector  prcamplllicfs  arc  Installed,  the 
output  signal  then  pusses  to  individual  signal 
processing  units.  These  demodulate  the  signal 
using  phase-sensitive  detection,  the  reference 
signal  being  supplied  from  the  source,  and 
produce  a  DC  output  proportional  to  the  RMS 
signal  within  a  narrow  band  centred  at  the 
modulation  frequency. 

This  receiver  is  used  with  two  sources.  The 
first  is  based  on  a  SOW  quart/  halogen  lamp  lor 
visible  and  near  IR  wavelengths.  The  lump  output 
is  collected  by  an  ellipsoidal  reflector,  passes 
through  a  chopper  disk  and  then  through 
condensing  and  collimating  lenses.  The  result  is  a 
low  divergence  O.I)7rad  (4°)  beam  with  uniform 
intensity  profile,  modulutcd  at  250H/.  The  second 
source  is  a  proprietary  Item,  used  as  a  broad  hand 
>R  source.  It  comprises  an  electrically  heated 
ceramic  tube,  with  refractory  coating,  positioned 
at  (he  focus  of  a  50mm  diameter  parabolic 
reflector.  The  IR  beam  is  chopped  mechanically  at 
90Hz. 

The  spectral  response  of  the  receiver  is 
defined  by  either  optical  filters  or  the  detector 
response.  Typical  spectral  regions  of  interest  arc 
the  visible  (photometric  response)  and  the  infrared 
between  8/im  and  12/im,  although  a  number  of 


applications  exist  for  measurements  at  other 
wavelengths,  eg.  0,9/im  or  1,1/tm. 

2. 2. 4, 2  Experimental  Facilities  and 
Procedures 

Low  thrust  motors  (up  to  400N)  can  be 
fired  In  the  Royal  Ordnance  (RO(S))  smoke 
tunnel.  This  consists  of  a  cylindrical  tube  lm 
diameter  and  20m  long,  with  the  motor  mounted 
on  the  centreline  at  the  tunnel  Inlet.  Smoke  build 
up  inside  the  tunnel  Is  avoided  by  the  use  of  fans 
at  the  exhaust  end.  Measurements  are  carried  out 
both  axially  over  the  length  of  the  tunnel  and 
transversely  at  a  position  2m  downstream  of  the 
tunnel  Inlet,  using  a  mirror  to  provide  a  double 
pass  (Fig.  3-19), 

Higher  thrust  motors  ure  fired  in  an  open 
range  facility  (Fig.  3-20).  More  details  can  be 
found  in  Appendix  B. 

To  compare  propellants  within  a  range  or 
very  different  burning  rates,  I  SOON  thrust  motors 
of  8s  burn  time  with  pyrogen  (smokeless)  igniters 
are  normally  employed.  The  thrust  is  adjusted  by 
varying  the  diameter  for  end-burning  grains. 
Adjustment  in  grain  length  can  similarly  produce 
a  constant  burning  lime.  However,  this  is 
considered  less  Important  provided  that  a 
reasonable  burning  time,  say  5s,  is  exceeded. 

For  inhibition  development  and  quality 
control  work,  a  standard  test  charge  Is  used.  This 
is  a  150mm  eased  SUB  bi-propellant  charge 
consisting  of  boost  und  sustain  propellants  having 
burning  times  of  (>s  ami  20s  respectively  at  thrust 
levels  of  Oic  order  of  1U00N  and  TOON.  This 
charge  can  be  produced  In  the  required  inhibitor 
system  and,  when  fired  in  an  uninsulated 
heavyweight  lest  motor,  provides  information  on 
inhibitor  smoke,  at  Insist  ami  susluin  burning 
tales  and  at  those  of  the  transition  from  boost  to 
sustain. 

For  propc’llunt  ingredient  trials  the  lest 
charge  is  produced  in  a  'smokeless'*  inhibitor 
system.  Using  the  range  of  propellant  burning 
rales  available  at  k()(S)  this  charge  can  have  a 
burning  time  ranging  from  4s  to  80s  at  thrust 
levels  of  3kN  falling  to  some  I50N  using  the 
lowest  burning  rate  propellants. 

2.2.4.)  Presentation  art!  Interpretation  of 
Transmission  Measurements 

Figure  V2I  shows  typical  results  obtained 
for  transverse  und  axial  transmission. 

For  each  firing  u  minimum  and  mean 
percentage  transmission  over  the  burning  lime  is 
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given.  The  influence  of  climatic  conditions  on  the 
experimental  results  is  minimized  by  requiring 
that  the  firing  be  within  a  window  of  lighting, 
wind,  and  humidity  conditions. 

Comparison  of  two  propellants  can  be  done 

from  transmission  results  of  firings  at  the  same 
thrust  level.  For  very  small  differences,  firings  in 
rapid  succession  sre  necessary. 

Visible  (eye  response)  axial  transmission 
measurement  of  1S00N  thrust  motors  is  used  as  a 
standard  to  classify  propellants  in  the  U.K. 
terminology :  a  minimum  transmission  value  of 
90%  is  required  for  the  propellant  to  be  classified 
as  smokeless. 

2.2.3  Review  and  Comparison  of  the 
Existing  Methods 

It  would  appear  that  three  methods  arc 
currently  used  to  determine  the  opacity  of 
primary  smoke  during  static  test  firings 

(i)  Firings  in  u  closed  cltumber  (U.S. 
Army  S.C.F.) 

(il)  Firings  in  a  smoke  tunnel  U.K,  Royal 
Ordnance  Smoke  Tunnel,  French  SNPE 
"Fumlmelrc") 

(III)  Free  jet  firings.  It  seems  to  t>c  the 
most  widely  used  type  of  procedure  in 
NATO  (except  the  USA). 

The  three  techniques  do  not  share  strictly 
common  usage.  Free  Jet  transmission  measure¬ 
ment  is  a  technique  adapted  to  evaluate  the 
complete  motor  (propellant  ♦  inhibitor  *•  etc...). 
With  some  caution  it  can  also  be  used  to  rank 
propellant  and  inhibitor  formulations,  The  same 
use  applies  to  smoke  tunnel  tests  but  with  more 
restrictions  on  the  maximum  thrust  of  the  rocket 
motor.  On  the  other  hand,  the  SCF  chamber  is  a 
facility  which  primarily  assesses  propellant 
formulation.  Because  of  test  duration  and 
environmental  control,  this  facility  is  better  suited 
to  carry  out  more  sophisticated  experiments  on 
primary  smoke  than  those  of  transmission 
measurements :  c.g.  transmission  spectrum, 
particle  sizing  and  maybe  particle  scattering 
characteristics. 

It  is  assumed  that  most  of  the  measurement 
procedures  described  herein  have  experimental 
repeatability,  although,  with  the  exception  of  the 
U.S.  Army  procedure,  no  supporting  figures  have 
been  produced  to  support  this  assumption.  One 
exception  to  this  assumption  must  be  the  method 
adopted  for  axial  transmission  measurement  in  a 
free  jet  where  repeatability  very  much  depends 


upon  atmospheric  conditions.  Furthermore,  the 
existing  procedures  have  not  addressed  the 
possibility  of  repeating  experiments  at  different 
facilities  to  compare  results,  but  have  focused 
only  on  one  location. 

Another  important  characteristic  is  the 
sensitivity  of  the  lest.  Propellants  generating 
moderate  or  high  levels  of  primary  smokes 
(typically  2%  Al203  or  more  in  the  exhausts) 
afford  discrimination  by  transverse  transmission 
measurements  in  freejet  or  smoke  tunnel  or  by 
transmission  measurements  in  the  SCF  facility. 
However,  low  smoke  propellants  have  transverse 
transmission  values  typically  in  the  90%  •  100% 
range  that  arc  not  accurate  enough  to  offer 
discrimination.  This  has  not  been  a  problem  for 
measurements  in  the  SCF  chamber.  For  smoke 
tunnel  firings,  the  problem  is  addressed  by  axial 
transmission  measurements.  For  Tree  jet  firings, 
the  latter  are  less  satisfactory,  because  of  their 
luck  of  reproducibility, 

3.0  RECOMMENDATION  OF  METHODS 
FOR  ASSESSING  PRIMARY  SMOKES 

3.1  Slate  of  the  Art 

With  respect  to  smoke  visibility  assessment, 
no  reliable  standard  experimental  or  theoretical 
methods  have  yet  emerged,  Therefore  the  only 
recommendation  that  cun  be  made  is  that  more 
work  on  the  subject  is  needed.  A  desirable  first 
short  term  goal  would  be  to  develop  an 
experimental  procedure  to  rank  propellants, 
putting  the  methodology  for  visibility  and 
transparency  assessment  at  the  same  level. 

Indeed,  transmission  measurements  during 
static  tests,  allowing  ranking  of  propellants  and 
motors  is  within  present  state-of-the-art 
knowledge.  Moreover,  It  is  the  only  Industrial 
primary  smoke  assessment  method  available. 
Further  effort  Is  needed  to  establish  a  complete 
methodology  which  would  allow  quantitative 
extrapolation  of  ground  test  results  to  the  flight 
case  or,  in  reverse,  translation  of  operational 
requirements  in  terms  of  minimum  transmission 
level  to  he  measured  in  static  tests. 

However,  the  only  standardized  method  that 
can  be  recommended  to  dute  is  that  of 
transmission  measurement  In  ground  tests. 

3.2  Procedure  for  Transmission  In  Free  Jet 

Detailed  descriptions  of  two  currently  used 
test  facilities  arc  presented  in  Annex  A  and  B. 
While  It  may  be  difficult  to  exactly  reproduce 
either  method,  the  principles  of  operation  arc  very 
similar.  A  suggested  procedure  is  shown  in  Figure 


3-14 


3-22  and  is  summarised  in  the  following  text. 

3.2.1  Transmlssometer 

Source/Receiver 

The  transmlssometer  can  have  either  an 
optical  (0,63/tm)  laser  source  or  a  quartz 
halogen  lamp  with,  in  each  case,  a 
suitable  receiver. 

The  system  using  the  quartz  halogen  lamp 
may  be  preferable  because  it  avoids  the 
necessity  for  precise  alignment  between 
source  and  detector,  thereby  being  less 
susceptible  to  vibrational  disturbances 
during  the  motor  Tiring.  Current  systems 
employ  continuous  sources  hut  a  chopped 
source  is  recommended  to  counteract 
interference  from  scattered  ambient  light 
falling  on  the  receiver.  The  detector 
should  have  a  high  frequency  response 
(like  a  silicon  photodiode)  which  can 
record  the  rapid  fluctuations  of  the 
smoke  plume  und  a  spectral  response  in 
the  visible  and  near  IR  which  spans  the 
range  of  source  wavelengths. 

The  energy  recorded  by  the  traits- 
mlssomctcr  involves  both  the  direct  flux 
and  a  small  portion  of  I'orward-.scultcrvd 
flux.  The  latter  comes  from  a  spatial 
volume,  usually  of  double-conical  shape, 
which  surrounds  the  source  to  receiver 
axis  and  is  defined  by  the  angular  diver¬ 
gence  of  the  source  beam,  the  angular 
field  of  view  of  the  receiver  and  the 
source  to  receiver  distance.  These 
fuctors,  and  the  receiver  aperture  area 
determine  (he  total  scattered  flux 
received.  Typically  receivers  with  u  small 
angular  field  of  view  und  apertures  of  a 
few  centimeters  are  employed  in  measur¬ 
ing  the  nominally  direct  transmittance 

|1S|, 

Calibration 

To  he  carried  out  using  neutral  density 
filters  the  calibration  of  which  should  lie 
traceable  to  international  standards. 

3.2.2  Measurement  Paths 

In  general  both  transverse  and  axial 
measurements  arc  performed,  eaeli  of  which  lias 
its  associated  advantages  and  disadvantages. 
Transverse  measurements  arc  particularly  well 
suited  to  propellant  ranking,  inhibitor  assessment 
or  the  study  of  additive  effects,  They  arc  Indeed 
reproducible,  constant  with  time,  providing  the 


burning  surface  area  doesn't  vary  during  the  firing 
period  und  tests  conducted  near  the  nozzle  exit 
ure  not  affected  by  secondary  smoke. 

Furthermore,  the  limited  volume  of  cloud  viewed 
transversely  gives  an  opportunity  to  undertake 
complementary  optical  measurements.  Axial 

measurements,  on  the  other  hand,  are  realistic  for 
smoke  assessment  in  a  missile  guidance  context 
and  allow  discrimination  between  similar  products 
that  produce  near  transparent  smoke. 

Trunsverse 

These  measurements  are  carried  out  at  an 
angle  of  n/2rad  to  the  motor  axis.  The 
transmlssometer  axis  must  cross  the 
motor  axis  ut  a  position  downstream  of 
(lie  afterburning  I'lamu.  This  cun  be 
achieved  using  u  constant  distance  for 
motors  up  to  u  certain  thrust  level  (20kN) 
or  by  maintaining  a  set  distance  (2m) 
downstream  of  the  afterburning  flame. 

As  la  I 

These  measurements  ure  performed  over 
u  long  puth  length  with  the  trans- 

inlssometor  beam  inclined  at  u  shallow 
angle  (typicully  t).()7rad  =  4°)  to  the 
motor  axis  and  Intercepting  the  plume 
axis  at  a  set  distance  downstream  of  the 
motor  ugain  Ixtyond  uny  possible  after¬ 
burning  flame  and  usually  ut  the  position 
of  the  transverse  beam. 

3.2.3  Motor  Position 

The  height  of  the  motor  axis  from  the 
ground  should  lie  such  thul  there  is  no 
interference  between  the  smoke  plume  und  the 
ground  up  to  the  position  of  the  transverse 
transmlssometer.  Typical  distances  of  1.3  metres 
Ituvg  been  used. 

3.2.4  Limitations 

Firings  should  not  lie  curried  out  in 
conditions  of  mist  or  ruin  or  with  crosswind 
speeds  exceed  lug  3ms"1  for  transverse 
measurements.  Conditions  of  temperature  and 
humidity  should  lie  such  us  to  preclude  the 
formation  of  secondary  smoke. 

The  relatively  short  path  length  associated 
with  transverse  measurements  will  give  trans¬ 
missions  of  00%  -  100%  with  low  thrust,  low 
smoke,  motors.  At  these  smoke  levels  trans¬ 
mission  measurements  may  not  be  sensitive 
enough  to  discriminate  between  motors.  In  such 
eases  the  path  length  can  be  increased  by  the  use 
of  front  silvered  mirrors  hut  great  care  must  be 


taken  to  ensure  that  the  mirror  surraccs  remain 
clean  and  that  vibration  of  the  mirrors  is 
prevented  during  firings. 

The  much  longer  path  length  involved  in 
axial  measurements  permits  better  discrimination 
between  low  smoke  motors.  However,  as  the  path 
length  increases  so  does  the  influence  of 
atmospheric  conditions.  Recommended  maximum 
croaswind  speed  is  1ms'1. 

The  results  of  smoke  measurement  trials 
performed  on  open  ranges  will  always  be 
influenced  by  atmospheric  conditions,  it  is 
therefore  recommended  that  control  rounds  of  u 
known  smoke  level  are  included  wherevt  possible 
and  that  successive  motors  are  fired  as  quickly  as 
possible  to  minimise  any  changes  which  may  tuke 
place  during  the  duration  or  the  trial. 

3.3  A  Proposed  Standard  Procedure  ('or 
Transmission  Measurements  in  u  Closed 
Chamber 

The  U.S.  Army  SCF  components  arc  cited  as 
examples  hut  are  not  necessarily  recommended 
since  technology  has  advanced  beyond  the  SCF 
design  which  is  retained  to  provide  continuity  of 
the  data  base.  A  copy  r.f  the  procedure  is  shown 
In  Figure  3-23. 

3.3.1  Tiansmlssoineter 

The  following  specifications  for  a  smoke 

(ransmissomclcr  arc  recommended: 

(I)  Thu  transnvssomctcr  should  he 

matched  to  the  optical  response  of  the 
human  eye  Ic,  the  standard  CIE 
daylight  photopie  response  function. 
Photopic  response  requires  that  all 
components  of  the  transmissomclcr  Ire 
carefully  selected  so  that  the  con¬ 
volution  of  the  individual  spectral 
responses  for  (lie  source,  filters,  and 
detector  results  in  the  desired  photopie 
response.  The  SCF  uses  u  ’OOW 
tungsten  halogen  lump,  and  u  Texas 
Instruments  type  LS-400  silicon 
transistor  detector  in  combination  with 
Corning  filters  Types  1-60  and  4-07  to 
approximate  the  eye  response. 

(il)  Tlie  field  of  view  of  tiie  trims- 

missomcler  detector  should  present  a 
solid  angle  us  narrow  us  possible  to 
limit  the  measurement  of  scattered 
light.  The  constraints  arc  the  source 
intensity,  detector  sensitivity  and  the 
collector  optical  design.  The  SCF  uses 
a  simple  Iclescope  design  with  an  i/2 


collector  lens  and  a  field  of  view  less 
than  0.018  rad  (10°). 

(iii)  The  souicc  should  be  spectrally  broad¬ 
band  to  avoid  preferential  selectivity 
of  the  measurement  to  a  given  particle 
si/x  distribution.  Signal  chopping  is 
desired  to  discriminate  between  source 
energy  and  that  from  ambient  light 
and  rocket  motor  emission. 
Synchronous  detection  is  desirable. 
The  source  beam  should  not  be  so 
narrow  as  to  be  steered  by  the 
intensity  gradients  of  the  exhaust 
plume. 

The  SCF  source  Is  a  50Hz  chopped 
tungsten  lump  with  a  total  solid  angle 
of  projection  of  ().35rud  (20°). 

(iv)  All  equipment  which  is  used  inside  the 
lest  chamber  should  he  scaled  against 
moisture  and  corrosion  of  exhaust 
gases.  Optical  surfaces  should  be 
purged  with  dry  air  or  nitrogen  to 
prevent  contamination  and  obscuration. 

(v>  A  vlsihlc/ncur  IR  rapid  scanning 
spectrometer  Is  u  valuable  tool  for 
smoke  transmission  und  plume  analysis, 
Photometric  transmission  und  IR 
absorption  measurements  uru  easily 
obtained  with  modern  Fourier 
Spectrometry  und  computer  algorithms. 
The  SCF  uses  an  FTIR  system 
routinely  as  an  udjunet  to  the  fixed 
band  irunsmlssomcter.  Such  systems 
however  demand  considerable  dedi¬ 
cation  of  funds  and  personnel, 

3.3.2  Description  of  the  Chuinber 

The  ehumber  shape  und  volume  (5.%  x  1.58 
x  2.0Ktn3)  are  identical  to  MICOM's  SCF  (Fig. 
.1-13).  Air  in  the  ehumber  should  he  controlled  to 
keep  a  moderate  lemperuture  and  humidity  in 
order  to  ensure  that  no  secondary  smoke  will 
form.  However,  lull  climatic  control  as  in  the  SCF 
is  not  a  necessity.  The  ehumber  should  be 
equipped  with  u  device  to  mix  the  exhaust  gases 
with  the  ehumber  air  like  the  Ian  system  used  In 
the  SCF  chamber  (see  Section  2. 2. 3.2.).  The 
homogeneity  of  the  mixture  should  be  verified  by 
comparing  transmission  measurements  for 
different  positions  and  opllcul  paths. 

3.3.3  Trunsnilxsnmeter  Position 

The  optical  path  lor  the  iransmlssomeier  is 
S.3in,  with  the  detector  near  the  motor  and  the 
source  at  the  op|x>sile  end  ol  the  ehumber. 
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3.3.4  Motor  Description 

The  nominal  weight  of  the  propellant  sample 
Is  70g.  If  the  sample  weight  is  different,  a 
correction  should  be  applied  to  the  transmission 
measurement  in  the  following  munner:- 

Log  Te-  70/m  Log  Tr 
Tc  is  the  corrected  transmission 
Tf  is  the  uncorrectcd  ("raw")  transmission 
m  is  the  propellant  sample  in  grams 

This  formula,  based  on  the  Beer-Lamhcrt 
law,  Is  an  approximation  that  should  he  used  with 
caution  :  it  ignores,  for  instance,  forward  scatter¬ 
ing  effects. 

The  exact  design  of  the  motor  is  not 
specified  here,  since  it  may  vary  with  the 
propellant  manufacturing  proccsSi  The  SCF  test 
motor  described  in  Figure  3-14  is  relevant  to 
composite  or  XLDB  propellant.  Other  motor 
types  must  be  used  for  propellants  which  cannot 
bo  case-bonded.  It  Is  however  essential  that  the 
level  of  smoke  produced  by  the  igniter,  Inhibitor 
or  any  other  motor  component  besides  the 
propellant  Is  negligible. 

3.3.5  Test  Procedure  and  Interpretation  of 
Transmission  Measurements 

Transmission  measurements  arc  curried  out 
in  the  post  firing  cloud.  Full  mixing  of  the 
exhaust  products  and  the  air  lasts  for  some  time. 
When  the  mixture  is  homogeneous,  a  steady-state 
transmission  measurement  is  obtained  that  shows 
on  the  transmission  versus  time  plot  us  a  plateau. 
The  plateau  value  is  interpreted  as  a  characteristic 
of  the  primary  smoke  generated  by  the 
formulation. 

To  ensure  a  good  estimation  of  this  plateau 
value,  transmission  measurements  should  he 
recorded  over  a  period  of  time  significantly 
(typically  10  times)  longer  than  the  mixing  time. 
In  the  SCF  chamber,  the  mixing  time  Is 
approximately  5s  to  30s  and  measurements  must 
lie  recorded  over  300s. 

3.3.6  Limitations 

The  measurements  obtained  from  70g 
propellant  samples  arc  easily  adequate  to 
discriminate  between  low  smoke  propellants  in  the 
00%- 100%  transmission  range,  Typical  measure¬ 
ments  in  the  SCF  show  repeatability  within  plus 
or  minus  1%  transmission  Tor  equal  propellant 
weights.  Variations  in  the  motor  design  :  c.g. 
nozzle  expansion  ratio,  propellant  weight,  igniter 
type  and  ballistic  performance  may  limit  the 
repeatability  of  transmission  results. 


Transmission  measurement  repeatability  is 
affected  by  multiple  scattering  for  propellants 
producing  smoke  transmission  values  below 
approximately  7S9(.  Such  values  obtained  in  the 
SCF  generally  indicate  undesirable  smoke 
performance  for  a  system  using  such  a  propellant. 

3.4  Usage  of  the  Standard  Tests 

Standard  tests  have  been  chosen  to  provide 
a  flexible  and  relatively  Inexpensive  method  for 
obtaining  quantitative  results  to  characterise 
primary  smoke.  It  is  hoped  that  similar 
procedures  to  those  described  above  will  form  a 
base  that  can  be  adopted  as  standard  among 
NATO  countries 

The  lusts  should  reproduce  results  acceptable 
lor  the  purpose  of  slundardl/utlon.  So  far  they 
have  only  been  performed  at  the  place  of  origin  : 
U„S,  Army  MICOM  lor  the  chamber  test  and  U.K, 
SVyrc  Forest  for  the  free  jet  test,  it  Is  strongly 
argued  that  participants  In  smoke  evaluation 
should  aim  for  common  measurement  techniques 
to  ensure  reproduction  or  results  and  that  an 
interchange  of  test  programmes  he  organised  to 
establish  reproducibility. 
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APPENDIX  A 

TRANSMISSION  MEASUREMENTS  IN  FREE 
JET  WITH  A  0.630m  LASER 
TRANSMISSOMETER 
(French  procedure) 

1  Transmlssomrter 

Source : 

He  Me  laser  (0.630m)  with  power  greater 
than  2m  W, 

Stability:  ±  1%  during  one  test  (from 
calibration  to  cnd-of-flring) 

Source  is  chopped  at  u  rret|tiuncy  of 
25Hz, 

Detector  : 

Silicon  cell  equipped  with  u  nurrow-huiul 
filter  ut  0.630m.  To  avoid  possible 
detector  saturation,  an  attenuating  filter 
may  be  necessary,  A  field  limiter  reduces 
the  field  of  view  of  the  detector  to  less 
than  0.17rud  (10°)  (for  instance  an 
opaque  cylinder  :  13mm  diameter  x 
75mm  long). 

Calibration: 

Before  each  firing  the  transit) Isaomclur  is 
calibrated  using  neutral  density  filters 
directly  alter  the  laser  source.  The  deluy 
between  calibration  and  firing  should  be 
minimized.  The  calibrated  transmission 
values  arc  0%  (by  intercepting  the  beams 
with  an  opaque  material),  100%  (no 
filter)  and  K  Intermediate  values  using  H 
density  filters  :  10%.  20%..  25%.  40%,, 

50%,  63%,  71%.  79%. 

2  Transmlssometer  Position 

Distance  from  nozzle  exit  :  4m  or  2m 
beyond  the  afterburning  flame  If  It  is 
longer  than  2m. 

The  transmlssometer  axis  must  cross  the 
motor  axis  ut  an  angle  of  ;r/2rud.  The 
optical  alignment  technique  is  shown  In 
Figure  3-9  . 

The  detector  must  he  at  a  distance  of 
about  3m  from  the  motor  axis.  The  luser 
must  he  ut  a  distance  between  3m  and 
10m  from  the  motor  axis. 


3  Motor  Position 

The  distance  between  the  motor  axis  and  the 
ground  or  the  surrounding  wall  must  be 
greater  than  1.30m. 

4  Usage  and  Limitations 

For  high  thrust  motors  (above  12kN)  the 
procedure  may  cave  to  be  altered  to  adapt 
to  the  size  of  mol  ..r  (e.g.  transmlssometer  or 
position  and  height  of  motor  axis). 

The  test  may  not  be  accurate  enough  to 
compare  motors  that  would  be  In  the  0  * 
10%  or  90%.  -  100%  transmission  range. 

Transmission  results  at  0.63/, <m  are  believed 
to  he  representative  of  optical  properties  of 
primary  smoke  In  the  visible  and  near  IR 
range  (0,40m  to  10m).  Although  trans¬ 
mission  values  will  vary  with  respect  to  the 
wavelength  (transmission  is  expected  to 
increase  with  wavelength)  It  seems  very 
unlikely  that  the  ranking  of  motors  would 
significantly  change  :  it  would  Imply  a  very 
"peaky"  particle  granulometry  in  the 
exhausts.  The  choice  of  0.630m  as  a 
standard  wavelength  is  ulso  justified  by  the 
availability  ami  low  cost  of  He-Nc  laser, a. 

Typical  repeatability  of  the  meusuren  r  >t  is 
±  0.5%. 
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APPENDIX  B 

TRANSMISSION  MEASUREMENTS  IN 
FREE  JET  WITH  A  QUARTZ  HALOGEN 
LAMP 

TRANSMISSOMETER  (method  employed 
at  a  UK  open  range  facility) 

1  Transmlssometer 

Source: 

The  source  is  a  24V  48W  quartz  halogen 
lamp  fitted  In  a  120mm  diameter 
parabolic  reflector  producing  a  uniform 
beam  of  light. 

The  lamp  Is  powered  by  a  rcgulutcd  DC 
power  supply.  A  cowling  is  fitted  to  the 
source  to  prevent  reflected  sunlight 
affecting  the  receiver. 

Receiver  : 

For  convenience,  the  receiver  is  bused  on 
a  single  lens  reflex  camera  with  a  silicon 
photodiode  detector  fitted  ut  the  centre 
of  the  focal  plane.  This  arrangement  is  to 
facilitate  the  visual  alignment  of  source 
and  receiver,  The  detector  has  a 
photometric  rusponsu  that  conforms  with 
the  CIE  photoplc  curve.  A  400mm  focal 
length  lens  Is  used  with  the  receiver,  the 
lens  uperture  being  set  us  required. 

An  associated  uleclronics  unit  provides 
signal  amplification  with  Independent 
offset  and  gain  controls  to  optimise  the 
output  signal,  followed  by  a  2H/.  low  puss 
filler. 

The  principle  of  operation  is  lliut  the 
diverging  angle  of  the  source  Is  much 
greater  than  the  field  of  view  of  the 
detector  so  that  precise  alignment  of 
source  and  detector  Is  not  critical. 

Calibration: 

Periodic  Linearity  Calibration 

At  regular  Interval,'  a  laboratory 
calibration  Is  performed  to  ensure  the 
linearity  of  the  measurement.  This  Is 
accomplished  with  2  neutral  density 
filters,  whose  calibration  Is  traceable  to 
national  standards,  and  have  nominal 
transmlttanccs  of  2%,  25%,  50%,  65%'  and 
75%.  In  addition,  0%  (source  blocked) 
and  100%'  (no  filter)  readings  arc 
recorded. 

Site  calibration: 

Prior  to  a  firing,  the  Instrument  output 


for  0%  and  100%  transmission  levels  are 
recorded  in  order  that  the  data  may  be 
subsequently  scaled  during  the  analysis. 

2  Measurement  Faths 

For  motors  up  to  20kN  thrust  levels,  two 
measurement  paths  through  the  smoke  are 
considered  :• 

(I)  transverse,  at  n/2rad  to  the  motor  axis 
and  15.7m  from  the  nozzle 

(ii)axial,  at  0.07rad  (4s)  to  the  motor  axis 
and  intersecting  the  axla  15,7m  from  the 
nozzle  (at  the  trannverse  position).  The 
source  is  positioned  forward  of  the  motor 
and  the  receiver  67m  from  the  source 
(Fig.  3-20). 

3  Motor  Position 

The  distance  between  the  motor  axis  and  the 
ground  at  the  transverse  position  should  be 
no  less  than  1.25m. 

4  Limitations 

The  environmental  constraints  Imposed  on 
firing  are  that  conditions  should  be  free 
from  mist  or  rain  with  cross  wind  speeds 
not  exceeding  3ms'1,  For  primary  smoke 
measurements  conditions  or  temperature  and 
rclulivc  humidity  should  be  such  os  to 
preclude  the  formation  of  secondary  smoke. 

Transverse  transmission  measurements  may 
not  he  sensitive  enough  to  discriminate 
between  low  smoke  motors  where 
transmissions  can  be  greater  than  92%.  For 
these  motors  the  much  longer  path  length 
associated  with  axial  transmission  will 
produce  better  results, 

However  as  the  path  length  increases  so 
docs  the  influence  or  atmospheric  conditions 
In  particular  cross  winds. 

It  is  recommended  that  for  precise  axial 
measurements  cross  wind  speeds  greater 
than  1ms'1  should  be  avoided  and  that 
control  rounds  of  established  smoke  level  are 
used,  the  firings  being  comparative  to  these 
controls.  Similarly  It  is  required  that  when 
a  phase  is  started,  all  motors  within  that 
phase  are  fired  within  the  shortest  possible 
time  without  interruption  in  an  attempt  to 
achieve  similar  atmospheric  conditions  for 
alt  rounds, 
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3-1  Angular  Patterns  of  Scattered  Intensity  from  Particles  of  Three  Sizes. 

(a)  Small  particles 

(b)  Large  particles 

(c)  Larger  particles  [4] 

3-2  Particle  Size  Distribution  of  the  Condensed  Products  Collected  in  a  Rocket  Exhaust  Plume. 
Analysed  by  an  Electron  Microscope  with  X-rays  Diffraction  System  (SNPE) 

3-3  Geometry  of  Mie  Scattering.  The  two  vectors  correspond  to  incident  unpolarized  light.  Line  OD  is 
the  direction  of  observation  and  6  is  the  angle  of  observation.  When  the  incident  light  is  polarized, 
its  electric  vector  is  assumed  to  lie  in  plane  POX,  at  angle  ip  to  the  plane  of  observation  [3] 

3-4  Gives  the  Variations  of  Log  I)  and  Log  Ij  Versus  0  for  Particles  of  AljOj  and  C  (Soot)  when  ip  » 
43*  (i|  ■  lg  for  0  »  0)  r  -  1/un  and  A  -  0.7/un  (5] 

3-5  Typical  Variations  of  QtW 

(a)  Alumina  particles 

(b)  Soot  particles 

3-3c  Example  of  the  Influence  of  the  Imaginary  Part  of  the  Index  on  the  Scattering  and  Extinction 
Coefficients.  Size  Function  a  -  jrD/A  (UK  Royal  Ordnance) 

3-6  Mass  Fraction  (Fm)  of  Particle  Inducing  a  Transmission  Factor  of  93%  across  a  given  Particle 
Cloud  Versus  the  Particle  Size 

3-7  Maximum  Rate  of  Alumina  (Mass  Fraction)  In  Combustion  Products  for  the  Following 
Specification  : 

Smoke  cloud  diameter  :  itn 

Dilution  :  0.03 

Transmission  93% 

3-8  Source  of  Air  Light  between  the  Observer  and  an  Object,  and  Apparent  Luminance  of  an  Object 
due  to  the  Airtight  (8| 

3-9  Transmissometer  at  0.6/im 

3-10  ‘Fumimetre* 

3-1 1  'Banc  Opacimetrique' 

3-12  Example  of  Transmission  plot  (A  -  0.63/im)  Freejet  firing,  Transverse  Measurement 

3-13  US  Amy  Signature  Characterisation  Facility 

3-14  SCF  Test  Motor 
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3-21  Typical  Results  for  Transverse  and  Axial  Transmission  (UK  (RO)  Smoke  Tunnel) 

3-22  Procedure  for  Transmission  in  Preejet 
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Fig.  3-1  Angular  Patterns  of  Scattered  Intensity  from  Particles  of  Three 
Sizes 

(a)  Small  panicles 

(b)  Large  panicles 

(c)  Larger  panicles  [4} 


3-24 


Fig.  3-3  Geometry  of  Mie  Scattering.  The  two  vectors  correspond  to 
incident  unpol&rized  light.  Line  OD  is  the  direction  of 
observation  and  o  is  the  angle  of  observation.  When  the  incident 
light  is  polarized,  its  electric  vector  is  assumed  to  lie  in  plane 
POX,  at  angle  to  the  plane  of  observation  [5] 


Incident 

light 


Extinction  (Q) 


index  ■  1. 


SMB 


6  7  8  9  10  11  12  13  14  18 

Size  Function  (a) 


Diameter  (um)  Wavelength  ■  O.B2um 


Diameter  (um)  Wavelength  •  lO.Sum 


Extinction  (Q) 


HIHSKBS! 


«  l  *  a  4  6  B  7  8  9  10  11  12  13  14  16 

Size  Function  ( a ) 

Fig.  3-3c  Example  of  the  Influence  of  the  Imaginary  Part  of  the  Index  on 
the  Scattering  and  Extinction  Coefficients.  Size  Function  o  ■ 
nD/k  (UK  Royal  Ordnance) 


Smoke  Goud  Diameter 
Dilution 


A 

T 


#Pb 

ecu 

*A120j 

Ozr02 

•  c 


Smoke  Goud  Diameter  ■ 
Dilution  m 


A 

T 


lm 

5  x  10*2 

10.6am 

95% 


lm 

5  x  10* 

2.2am 

95% 


Pig.  3*6  Mam  Fraction  (Fm)  of  Particle  Inducing  a  Transreimion  Factor  of 
95%  acrom  a  given  Particle  Goud  Venue  the  Particle  Size 


Rate  of  Alumina  »’ 
(Maas  Fraction) 


♦  : 


rp  Gun) 


X  m  0.4pm 
X  m  10.6pm 


Fig.  3-7  Maximum  Rate  of  Alumina  (Maaa  Fraction)  in  Combustion 
Products  for  the  Following  Specification  : 


Smoko  Cloud  Diameter 

Dilution 

Transmission 


lm 

0.05 

95* 


Observer 


Fig.  3-3  Source  of  Air  Light  Between  the  Observer  and  an  Object,  and 
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Fig.  3-17  Transmittance  at  294K  (21*C)  and  60*  H.R. 


0  10  20  30  40  U0  60  70  80  90  100 


Y//////////////////////S///77m 


7777X7X77777777777777ZXA 


\W/////////SS//////S//M 


V7777777777777777777777A 


wmzzmm 


Control  •  No  Insulation 

Polylso|>ran*/R«rriull  Fibre* 

Polynia*  JOOO^UIau  Fibres 
EA-IMfi/Curbon  Fibres 

Polylsoprene/ Kevlar  Fibre* 

Polyltoprene/Caramlc  Clolli 
EA-(> 4 6  Carbon  Cloth 


77777777/7777/7/7777 

7/7777777777777777A 

wzzzmm 

W/MM 

>7777777777/ 

VZ. 


Polylsii|>reni/Curl>on  Fibres 
HTPD/Curbon  Powder 

HTPU/TlUj  Powder 
HTPU  ‘D'/TIOj  Powder 

HTPB  'O’/Cerbon  Powder 

HTPD/NO  Filler 


Fig.  3-18  SCF  Photopic  Transmission  of  Thlokoi  Insulated  TP-7023  Motors 


A  Clue  SO  pps 
B  Axial  Photometer  Lamp 
C  tR  and  Visible  Light  Source 
D  Motor 
E  Stills  Camera 
F  Video 


H  Visible  Light  Emission 
I  Thru  verse  Photometer 
J  Daosvene  Photometer  Lamp 
K  Axial  IR  Thnsmission 
Axial  Visible  Light 
Smoke  Reflectance 
L  Axial  Photometer 
M  Cine  SO  ppi 
N  Video 


r~ 

.  10.3  ! 

r&l z 

1 

— nr 

(All  dimensions  in  metres) 


Fig.  3-20  Plume  Instrumentation  Wyre  Forest 


nt 


3-38 


0  1  23458789  10  11  12 

TIME  (8) 

Fig.  3-21  Typical  Results  for  Transverse  and  Axial  Transmission 
(UK  (RO)  Smoke  Tunnel) 
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with  ground  typical  value  of  1.3m 


S  ;  0.63/jm  laser  or  a  quartz  halogen  lamp  (avoids  a  precise 

alignment  and  vibrational  disturbances)  chopped  source 

R :  Suitable  receiver,  narrow  f.o.v.  (few  degrees),  few 
centimetres  aperture  area 


Fig.  3-22  Procedure  for  Transmission  in  Free  Jet 
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i.O  INTRODUCTION 

1.1  Description  of  Secondary  Smoke 

Secondary  smoke  from  rocket  motors  is 
formed  as  a  result  of  interactions  between  the 
exhaust  plume  and  the  atmosphere.  It  typically 
forms  after  a  delay  of  several  seconds,  during 
which  the  rocket  motor  exhaust  mixes  with  the 
atmosphere.  In  this  respect  it  differs 
fundamentally  from  primary  smoke,  which  Is  the 
result  of  solid  particles  in  the  motor  exhaust  and 
is  independent  of  ambient  conditions. 

Secondary  smoke  forms  only  in  regions  of 
the  exhaust  plume  where  the  local  vapour 
pressure  of  the  condensable  species  (usually  water, 
water  and  HCi,  or  water  und  some  soluble  sails) 
exceeds  their  saturation  vapour  pressure  at  the 
local  temperature  and  pressure  for  the  sizes  of 
condensation  nuclei  present.  Condensation  nuclei 
arc  just  primary  smoke  particles.  Condensation 
will  start  preferentially  at  lower  vapour  pressures 
on  larger  particles  and  condense  on  smaller 
particles  only  as  the  vapour  pressure  reaches  the 
saturation  vapour  pressure  for  the  smaller  size. 
Condensation  will  also  start  preferentially  at 
lower  vapour  pressures  on  particles  that  contain 
soluble  salts  (the  thermodynamics  of  solution  are 
important  here). 

Secondary  smoke  is  comprised  all  or  pre¬ 
dominantly  of  water  droplets.  From  exhaust 
plumes  that  contain  HCI  and/or  HF  it  will  slurt  to 
form  at  higher  temperatures  and  lower  ambient 
moisture  levels  than  for  plumes  without  the  acid 
vapours.  The  optical  properties  of  the  acid- 
containing  droplets  will  be  somewhat  different 
from  those  of  pure-waler  droplets.  Generally  the 
effect  of  the  particulate  condensation  nucleus  is 
neglected  in  (tie  calculation  of  droplet  optical 
properties.  At  uny  given  atmospheric  conditions, 
secondary  smoke  will  be  thicker  (larger,  and 
perhaps  more,  droplets)  in  the  presence  of  acid 
vapours  than  in  their  absence. 

Exhaust  plume  afterburning  affects  the 
formation  of  secondary  smoke  in  two  ways  :- 

(i)  Afterburning  causes  the  formation 

of  additional  water  in  the  plume, 

this  tends  to  enhance  subsequent 
condensation  and  the  formation  of 
secondary  smoke. 

(il)  Afterburning,  by  adding  more  heat 

to  the  plume,  delays  condensation 
to  locations  further  downstream 


and,  in  marginal  situations,  may 
prevent  condensation  altogether. 

Because  mixing  and  chemical  reactions  do 
not  .  calc  with  plume  size  and  missile  velocity  in 
the  same  way.  afterburning  may  be  significantly 
different  for  exhaust  plumes  of  the  same 
propellant  fired  under  different  conditions  of 
these  variables.  Therefore  one  must  be  careful 
when  extrapolating  the  results  of  condensation 
measurements  on  small  motors,  fired  statically,  to 
flight  conditions,  even  for  a  phenomenon  as 
apparently  simple  and  straight  forward  as 
secondary  smoke  formation. 

Secondary  smoke  can  form  in  plumes 
containing  significant  amounts  of  primary  smoke. 
When  tin's  occurs,  the  total  effect  on  visibility  and 
obscuration  is  roughly  the  sum  of  the  individual 
effects  until  the  optical  density  (optical  depth) 
exceeds  some  value  at  which  non-IIncar  effects 
assume  increasing  importance.  One  caveat  here, 
ihe  larger  primary  smoke  particles,  which  are 
optically  more  important,  would  be  the  first, 
theoretically,  on  which  condensation  starts;  this 
could  have  a  mujor  effect  on  chunges  to  plume 
visibility  and  obscuration,  compared  to  the  simple 
summation  of  primary  and  secondary  smoke 
effects.  However.  Hie  larger  particles  cool  more 
slowly  than  the  smaller  ones,  and  thcrorore 
condensation  may  start  on  the  smaller  particles,  In 
which  case  summation  of  the  two  effects  is  a 
reasonable  approximation.  With  current  exhaust 
plume  computer  programs  that  treat  non- 
equilibrium  two-phase  flow,  these  tradeoffs  can  be 
calculated,  albeit  somewhat  tediously  bccuusc  of 
the  great  lengths  of  plume  involved, 

1,2  Occurrence  of  Secondary  Smoke 

From  the  above  description,  it  Is  elcur  that 
the  probability  of  secondary  smoke  formation  is  a 
function  of  :- 


(I)  the  amount  and  type  of  condensable 
species  in  the  motor  exhuust.  This 
is  fixed  by  the  propellant  composi¬ 
tion. 

(ii)  the  concentration,  size  and  type  of 
solid  products  in  the  motor  exhaust. 
Although  these  are  not  an  intrinsic 
source  of  secondary  smoke,  they 
provide  condensation  nuclei  which 
have  a  profound  influence  upon  Ihe 
sl/e  distribution  of  the  condensed 
phase  and  Its  rate  of  formation. 
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(iii)  the  atmospheric  conditions,  in 
particular  relative  humidity  and 
ambient  temperature.  As  will  be 
appreciated  from  the  description  of 
secondary  smoke  formation,  low 
temperatures  and  high  relative 
humidity  are  eond  icive  to  the 
occurrence  of  smoke. 

1.3  Operational  Implications 

The  signature  of  any  rocket  motor  should 
be  minimized.  Since  secondary  smoke  typically 
docs  not  form  for  several  seconds,  the  operational 
implications  are  somewhat  different  from  those 
associated  with  primary  smoke.  The  rate  of 
formation  of  secondary  smoke  is  dependent  upon 
the  rate  of  exhaust  mixing  with  the  surrounding 
air.  If  a  flight  mission  is  of  a  duration  less  than  u 
few  seconds  then  the  operational  implications  may 
be  minimal  unless  a  post-firing  cloud  enhances 
detection  of  the  launch  platform  or  impairs  its 
operational  effectiveness 

The  exhaust  signature  has  potential  effects 
upon  the  guidance  system,  detectability  of  the 
missile  and  luunch  platform,  and  (possibly)  the 
efficiency  of  the  launch  platform.  Dealing  first 
with  guidance  considerations,  secondary  smoke 
clouds  may  severely  degrade  the  effectiveness  of 
any  missile  guidance  system  which  necessitates 
transmission  of  visible,  near-visible,  or  infrared 
rudiullon  through  the  plume.  Examples  would  he 
Command-to-llne-ol'-slght  (CLOS)  optically  guided 
missile  or  a  luscr  heam-rltler;  a  secondary  smoke 
plume  between  launch  site  and  missile  would 
likely  render  the  system  incapable  of  effective 
operation.  Even  If  the  plume  Is  not  very  dense  its 
characteristics  need  to  he  known  before  an 
assessment  can  lie  made  of  its  effect  upon  the 
guidance  system.  Calculation  of  these  effects  is 
complex  and  Involves  accurate  modelling  of  the 
smoke  (rail  both  spatially  und  in  time  (account lug 
for  climatic  conditions  and  the  missile  trajectory 
In  typical  operational  scenarios),  with  an  output 
which  cun  only  lie  expressed  as  u  probability  of 
Interference  with  the  guidance  system.  The 
secondary  smoke  trail  may  also  enhance 
detectability  of  the  missile,  Since  a  finite  time  is 
required  before  a  secondary  smoke  cloud  forms 
the  detectability  of  it  missile  with  a  short  flight 
time  will  not  lie  Increased.  However,  for  longer 
flight  limes,  for  example,  long  range  and/or  low 
velocity  applications,  the  delcclloii  of  u  secondary 
smoke  cloud  will  alert  operators  to  the  fact  that  a 
missile  lias  been  launched  and  will  provide  a 
rough  Indication  of  Its  position.  This  knowledge 
muy  allow  effective  countermeasures,  The  same 


smoke  cloud  effectively  pinpoints  the  launch  site 
which,  if  static  or  slow-moving,  is  operationally 
undesirable.  Detectability  is  usually  framed  in  the 
context  of  the  human  eye,  however,  the  increasing 
use  of  electro-optical  detectors  operating  in  the 
infrared  and  visible  ranges  required  consideration 
of  the  response  characteristics  of  the  detector. 

The  effect  of  secondary  smoke  upon  the 
effectiveness  of  a  stationary  or  slow-moving 
luunch  platform  is  a  matter  of  considerable 
importance.  For  missile  systems  where  the 
command  or  tracking  signals  may  be  attenuated 
by  the  smoke,  a  second  shot  may  have  to  be 
delayed  until  the  cloud  from  the  first  missile  has 
dissipated.  Even  if  the  missile  system  is  not 
affected,  obscuration  of  the  launch  platform  by 
llic  smoke  cloud  generated  by  the  missile  will 
likely  degrade  the  performance  of  optical  or 
infrared  sensors  which  may  he  mounted  on  the 
launch  platform.  This  is  likely  to  he  of  particular 
importance  in  a  severe  Electronic  Counter¬ 
measure  (ECM)  environment  where  radar  per¬ 
formance  may  be  marginal.  Full  characterization 
of  the  plume  Is  necessary  before  the  importance 
of  this  effect  cun  he  quantitatively  addressed. 

Currently,  user  requirements  ure  usually 
qualitative  in  nature,  often  amounting  to  simply 
specifying,  usually  very  Imprecisely,  the  type  of 
propclluiil,  The  specification  of  ineunlngful 
requirements  is  crucially  important,  both  from  the 
point  of  view  of  the  system  designer,  und  to  serve 
as  a  guide  to  experimental  characterization  und 
analytical  prediction  of  the  motor  signature. 

Operational  implications  are  more  fully 
explored  in  the  overview  of  ibis  report,  und  the 
reader  is  referred  to  that  section  lor  an  in-depth 
discussi  >11. 

2.0  METHODS  OF  ASSESSMENT 

2.1  Experimental  Data  on  Secondary  Smoke 

2.1.1  Ucncrul 

The  generation  of  experimental  datu  is 
difficult  because  secondary  smoke  results  from 
the  Interaction  between  the  rocket  motor  exhaust 
and  l lii>  atmosphere.  The  necessary  Inclusion  of 
atmospheric  effects  increases  the  physical  scale  of 
anv  experimental  work.  To  dale,  experimental 
data  has  been  generated  by  three  methods 

(I)  Motor  firings  in  test  chambers.  The 
environment  (tcmpcrumic  and  rela¬ 
tive  humidity)  wit  bin  the  chamber 
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can  be  measured  accurately,  and  it 
is  possible  to  characterize  the  motor 
signature  through  transmission 
measurements  at  various  wave¬ 
lengths, 

(ii)  Free  jet  tests,  or  static  firings. 
Observations  are  predominantly 
visual,  although  the  static  nature  of 
the  test  allows  measurement  of 
transmissibility, 

(iii)  Free  flight  tests,  where  observations 
are  recorded  of  the  signature  of  the 
motor  in  the  operational  environ¬ 
ment.  To  date,  such  observations 
are  predominantly  "eyeball"  records 
of  smoke/no-smoke,  Of  necessity, 
the  ambient  environment  cunnot  be 
closely  defined, 

2.1.2  Test  Chamber  Facilities 

One  facility  is  currently  in  use  for  studies 
on  secondary  smoke;  the  (JS  Army  SCF  (Signature 
Characterization  Facility).  In  France,  the  climatic 
chamber  at  ETBS,  Bourgcs  has  been  occasionally 
used.  The  characteristics  of  these  two  chambers 
arc  provided  in  Table  4. 1  below, 


2.1.3  Free  Jet/Flight  Test  Facilities 

In  general,  any  regular  static  test  facility 
or  I'ree-flight  range  can  he  used  for  secondary 
smoke  measurement.  It  is  necessary  only  to 
install  instrumentation  e.g.  cameras,  transmis- 
someters,  capable  of  making  measurements  on 
secondary  smoke  generation. 

Free  Jet/Right  Test  Facilities  have  many 
measurement  problems  because  of  the  nature  of 
the  test.  Outdoor  firings  are  subject  to  wind  and 
terrain  effects  that  introduce  variable  error  into 
the  results.  Flight  measurements  have  the 
additional  uncertainty  of  the  missile  trajectory 
and  orientation  with  respect  to  the  measurement 
position. 

2. 1.4  Results  of  Experimental  Studies 

A  sample  of  the  available  experimental 
data  is  given  in  Section  2.3  which  compares 
experimental  and  theoretical  results. 


TABLE  4.1 

TEST  I'HAMBEK  CHARACTERISTICS 

Chamber  SCF  ETBS 


Volume 

(tn3)  10.6 

600 

Temperature  Control 

Yes 

Yes 

Humidity  Control 

Yes 

Yes 

Altitude  Control 

No 

No 

Motor  Propellant  Weight  (gm) 

67 

Common  Instrumentation 

•  Trausrnlssonmcters 

Yes 

Yes 

-  Particle  sizc/numbcr 

Yes 

No 

-  Condenrate  mass 

Yes 

No 

-  Cameras 

Yes 

Yes 

The  instrumentation  can  readily  bo  varied,  and  therefore  specific  details  are  not  given 

In  Table  4,1, 


V 
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2.2  Predictive  Methods 

in  the  modelling  of  secondary  smoke 
effects  it  is  necessary  to  consider  three  primary 
aspects 


(i)  the  spceics  content  and  concentra¬ 
tion  of  the  exhaust  at  the  nozzle 
exit.  This  is  usually  acquired 
through  the  use  of  the  well  known 
thermoequilibrium  codes  (eg  the 
NASA/LEWIS  code)  and  will  not  he 
considered  further, 


(ii)  the  formation  of  secondary  smoke, 
which  requires  modelling  the  mixing 
of  the  exhaust  with  the  atmosphere, 
and  the  mechanisms  of  droplet 
formation,  and 


(ill)  the  visibility  of  the  resultant 

exhaust  signature.  This  requires 

consideration  of  visual  acuity,  and 
of  the  background  and  lighting 
conditions. 


2.2.1  Prediction  of  Secondary  Smoke 
Fnrmatlon/Vlslbllily 

2.2. 1. 1  Thermodynamics  of  Uquld/Vapour 
Equilibrium  of  Solutions 

variety  of  references  arc  available  for 
the  thermodynamics  of  the  waicr/hydrogcn 
chloride  and  waicr/hydrogcn  fluoride/hydrogen 
chloride  systems.  Those  in  use  in  various  NATO 
countries  arc  given  in  Table  4.2,  together  with  the 
techniques  used  to  extrapolate  beyond  the 
temperature  range  of  the  references.  Use  of  data 
lor  walcr/solnble  salt  systems  is  less  common,  but 
Reference  10  provides  an  illustration  of  the 
vvnter/sndium  cliloridc/hydrogcn  chloride  system. 

2.2. 1.2  Methods  of  Predicting  Secondary 
Smoke  Formation 

Modelling  of  secondary  smoke  formation 
requires  prediction  of  the  motor  exhaust  plume 
and  the  mixing  with  ambient  air.  Thermodynamic 
data  per  Section  2. 2.1.1  and  models  for  droplet 
growth  are  then  used  to  determine  the  probability 
of  condensation  |lt)|.  Accurate  prediction  of 
plume  visibility  or  transmissivity  requires  know¬ 
ledge  of  the  si/e  distribution  and  number  density 
of  the  droplets.  This  necessitates  prediction  of 
the  size  distribution  and  number  density  of  the 
condensation  nuclei.  Various  techniques  are  used 
it)  different  NATO  countries  to  predict  secondary 
smoke;  these  are  given  in  Table  4.2. 


TABLE  4,2 


IICI/lIjO  AND  IIF/»I2()  LIQUID  VAPOUR  EQUILIBRIUM 


Coim.ry 

1  ranee 

IK 

1  S  \  I  VrniVI 

t  SA  iN.nvi 

t  S\  i  Ml 

I 

ILj/HQ  System 

1.1 

Reference's 

1 

2.3,-i.S 

1  .(>.7 

0.7.8 

0,7 

1.2 

Temperature  Kany; 

273-V/3 

233-333 

233-373 

233-203 

233-it.n 

1.3 

lix!r«(K)l,siioii 

Method 

In  tier  Sliuty 

l:xlr.i|Kilalinn 

Or.tpfnc.il  lioni 

Curve -fil 

(iraplncal  from 

MlltKlUlL’d  tlillil 

leelnmiiie 

ellUMtltie'd  lltllil 

Temperature  Until  <  K ) 

ii.ii. 

<233 

2 1 H 

n. a. 

n.n 

1 

ItjO/HT  System 

2.! 

References 

Note  1 

Noo;  1 

‘i 

8 

.Nine  2 

->  1 

Temperature  Range  ikl 

238-203 

Method 

- 

ii  a. 

Temperature  1  imil  (K) 

n  a. 

Notes  I  No  work  to  time 

2  Rcfercncs  are  no:  available 
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2.2. 1.3  ClimallcDsUaBa.se 


2.2. 1.4  Methods  of  Predicting  Plume  Vis¬ 
ibility 
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The  prediction  of  secondary  smoke 
formation  per  the  methods  of  Section  2.2. 1.2 
requires  input  of  the  atmospheric  conditions  in 
terms  of  temperature,  relative  humidity,  and 
pressure.  For  use  in  operational  scenarios  it  is 
necessary  to  employ  a  climatic  data  base  covering 
the  range  of  environments  which  can  be  expected. 
At  this  lime,  different  nations  use  different  data 
bases,  as  shown  in  Table  4.4. 


The  prediction  of  plume  visibility  is 
difficult  because  of  the  extreme  range  of  variables 
which  must  he  considered.  Table  4.5  presents  an 
overview  of  the  stale  of  visibility  prediction. 


TABI-E  4.4 

CLIMATIC  DATA  BASES 


Country 


Data  Base 


France 


UK 

USA  -  Army 


USA  -  Navy 
USA  -  Air  Force 


Statistical  climatic  data  bases  arc  used  according  to  the 
customer's  requirements. 

A  statistical  data  base  is  used. 

Data  is  available  from  the  US  Army  statistical  climatic  data 
library. 

Ref  12  for  40°  and  50''  North  Latitude. 

Statistical  climatic  data  is  generated  using  the  Nichols 
Research  Al.MPDS  code. 


LUiULAS 


PREDICTION  OF  PLUME  MSIBILI  H 

Country  Method  of  Prediction 


France 


UK 


USA  -  Army 
USA  -  Navy 


USA  -Air  Forte 


USA  -  Commercial 


I’.uiache  code  is  used  to  calculate  the  smoke  cloud  transmittance 
from  aits  ground  observation  point.  It  is  assumed  that  plume 
visibility  can  be  cot  related  wiiti  the  transmittance  fur  each  line  of 
sight 

Basie  studies  only  per  Ref  13.  Typically,  clouds  arc  expected  to  Ik1 
visible  if  the  smoke  concentration  exceeds  2  x  1015  inolceulcs/nd  for 
tactical  missiles  itt  clear  weather.  Calculations  of  the  visible  contrast 
of  the  plume  have  been  made  using  the  CONTRAIL  computer  code. 
MI’LUME  visihili'y  code  exists  for  specific  systems, 

Plume  visibility  is  studied  using  the  method  of  Ref  14.  This  analysis 
includes  live  effects  of  plume  dimensions,  particle  sires,  scattering  of 
incident  light,  a  visibility  model  ami  visibility  criteria. 

Plume  visibility  is  studied  In  means  of  detailed  radiative  transfer 
calculations  1 15|. 

VlSIti  (Visual  Signature)  code  for  calculation  of  plume  visibility  [lb|. 
Available  through  E  Miller,  USA.  d  el  (7(12)  S3 1 -1)429  but  is  not 
considered  to  be  lliorou.'hlv  validated  at  Ibis  lime. 
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2. 2. 1.5  Summary  of  Secondary  Smoke 

Predictions 

2.2. 1.5.1  Sinoke/No-Smoke  Limits 

The  results  of  the  varied  prediction 
methods  are  most  easily  presented  as  plots  of  the 
temperature/relative  humidity  boundaries  at  which 
secondary  smoke  will  form.  An  example  is  given 
in  Figure  4-1  for  sea  level  conditions,  which 
shows  :- 

(i)  The  standard  Oliver  Curves  com¬ 

monly  used  in  NATO  for  predicting 
the  occurrence  of  secondary  smoke. 

(ii)  A  boundary  curve  for  non- 

aluminised,  AP  composite  propellant 

I!7|. 

(iii)  Two  data  |K»inis  lor  80%  •  am¬ 
monium  perchlorate  uon-almniniscd 
propellant  (181. 

The  general  trends  of  the  three  prediction 
methods  are  similar,  however,  temperature 
differences  of  up  to  10K  arc  apparent  at  a  fixed 
value  of  relative  humidity.  The  differences  may 
be  due  to  differing  assumptions  regarding 
propellant  composition,  nuclei  si/c  anti  mass 
density,  the  ratio  of  air  to  exhaust  mass  in  the 
cloud,  or  the  gas  temperature  at  the  point  where 
condensation  is  oceuring. 

Figure  4-2  provides  predictions  lor  smoke 
formation  from  a  non-aluminiscd,  AP  composite 
propellant  as  a  function  of  altitude.  Figure  4.3 
illustrates  smoke  formation  at  an  altitude  of  8.23 
km  as  a  function  of  [lie  anion t  of  ammonium 
lierchiorate  and  FEFO  ((bis  (Fitiorodiniirocthvl) 
formal)|  in  the  propellant. 

The  reader  is  cautioned  that  the 
boundaries  (Figs  4-1  to  4-3)  should  not  be  directly 
compared  with  those  used  as  a  basis  for 
propellant  classification  in  Chapter  2.  The  latter 
arc  computed  at  arbitrary  values  of  temperature 
and  dilution  ratio  and  are  intended  to  provide  a 
simple  niethnod  of  classifying  propellants,  not  to 
predict  whether  or  not  secondary  smoke  will 
form. 


2.2. 1.5.2  Other  Predictive  Aspects 

The  most  sophisticated  analytical  codes 
produce  data  such  as  :- 

(i)  plume  contours  and  temperature 
isotherms, 

(ii)  droplet  size  distribution  as  a 
function  of  time  and  spatial 
location, 

(iii)  attenuation  of  light  passing  through 
the  plume,  and 

(iv)  light  scattering  from  the  plume 

The  wealth  of  predictive  data  makes 
concise  presentation  of  results  impossible.  Typical 
results  ure  given  in  Figures  4-4  and  4-5.  Figure 
4-4  1 19|  provides  predicted  plume  contours  for  a 
composite  propellant  containing  25%  ammonium 
perchlorate.  Figure  4-5  shows  the  dependence  of 
the  calculated  transmission  upon  droplet  radius, 
condensed  mass,  and  particle  number  density  |19). 

2.3  Comparison  of  Experiment  and  Predic¬ 
tion 

2.3.1  Qualitative  Experimental  Data 

Motor  open  air  static  firings  and  flight 
tests  usually  produce  qualitative  data  in  the  form 
of  smoke/tto-smoke  observations.  Atmospheric 
data  is  normally  available,  i.e.  pressure, 
i  cm  pent  t  it  re,  and  relative  humidity.  These 
observations  may  then  he  compared  with  the 
theoretical  predict  ions  of  the  lemperaturc/rclatlve 
humidity  boundaries  beyond  which  secondary 
smoke  forms.  An  example  of  (his  Term  of 
comparison  is  given  in  Figure  4.f>  and  Table  4.6 
The  predictions  in  l  oth  eases  are  from  simple 
equilibrium  models,  and  generally  compare 
favourably  with  the  experimental  results. 
Additional  data,  including  ill-flight  contrast 
measurements,  are  given  in  Reference  20. 
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TABLE  4.6 

PREDICTED  AND  OBSERVED  SECONDARY  SMOKE  FORMATION 


Mission  No  Altitude 

and 

Firing  No  (km) 


Temperature 

<K) 


Relative 

Humidity 

<%> 


Smoke  Formation 
Predicted  Observed 


Ml  RS-1 

8.23 

243.6 

51 

Smoke 

Smoke 

Ml  RS-2 

7.26 

251.9 

37 

No  Smoke 

Smoke 

M2  RS-1 

4.04 

311.5 

69 

No  Smoke 

No  Smoke 

M3  RS-1 

9.75 

239.4 

46 

Smoke 

Smoke 

M3  RS-2 

10.60 

232.6 

55 

Smoke 

Smoke 

M4  RS-1 

9.70 

241.2 

15 

No  Smoke 

No  Smoke 

M5  RS-1 

5.73 

267.9 

0 

No  Smoke 

No  Smoke 

M5  RS-2 

6.93 

259.2 

0 

No  Smoke 

No  Smoke 

Note  :-L)ata  arc  from  flight  tests  of  Eglin  AFB  with  a  non-altiminiscd  composite  pro|>ellant  containing 
ammonium  perchlorate. 


2.3.2  Quantitative  Experimental  Data 
2.3.2. 1  Test  Chamber  Results 

Figures  4-7  and  4-8  compare  calculated 
and  measured  light  transmission  across  the 
chamber  for  small  motors  fired  in  the  US  Arms 
SCF  chamber  (the  SCF  chamber,  instrumentation 
and  procedures  are  described  In  Chapter  3>. 
Excellent  agreement  is  obtained  tip  to  typically 
150  seconds  after  the  firing  [I9|. 


Table  4.7  provides  limited  data  over  a 
range  of  temperature  and  relative  humidity  for 
two  different  propellant  formulations.  Here  the 
data  is  more  qualitative,  and  the  presence  of 
smoke  was  determined  from  transmissometer 
measurements,  cameras  and  visual  observation. 
The  cx|teriinciHal  results  are  limited  in  precision, 
but  do  not  disagree  with  the  theoretical 
predictions  |  l«S|. 


TAPLE  4,7 

TEST  CHAMBER  RESULTS  (Ref  18) 


Propellant  Temperature 

(K) 


Relative  Humidity  (RH)  for  Smoke 
Formation  (%■) 

Predicted  Observed 


Composite  reduced 

276.2 

Smoke  at  RH>6() 

None  at  RH<59 

80%  AP 

Smoke  at  RH>65 

288.2 

Smoke  ut  RH>76 

None  at  RH<63 

Smoke  ut  RH>76 

Cross-linked 
20%  AP 


276.2 


Smoke  at  RH>74  None  ut  P.H<65 
Smoke  at  RH>77 
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2. 3. 2.2  Flight  Test  Data 

Limited  experimental  data  arc  available 
from  flight  tests  lor  the  transmission  of  a  0.f>3/mi 
laser  beam  through  a  missile  flight  plume.  Figures 
4-9  and  4-10  show  these  data,  and  compare  them 

with  theoretical  predictions  from  the  US  Army 
IFTA  code  (21).  The  transmission  measurements 
were  taken  approximately  perpendicular  <o  the 
missile  trajectory,  and  about  17m  downrangc. 
The  agreement  between  theory  and  experiment  is 
only  fair  and  illustrates  the  dependency  of  the 
calculation  on  the  (team  position  in  the  plume. 
The  uncertainty  of  the  fixed  l>eam  with  respect  to 
the  missile  flight  trajectory  is  always  a  factor. 

3.0  RECOMMENDATIONS 

3.1  General 

The  results  of  secondary  smoke  measure¬ 
ments  or  predictions  are  necessary  for  analysis  of 
operational  usage.  It  is  considered  (hat  there  are 
three  dominant  factors 

(i)  The  visibility  of  the  plume,  which 
affects  the  probability  of  detection 
of  the  missile  and/or  the  launch 
platform 

(ii)  Transmission  of  radiation  through 

the  plume,  which  may  he  a  factor 

Influencing  the  capability  of  passing 
guidance  commands  to  the  missile. 
For  optically-guided  missiles,  ob¬ 
scuration  of  the  missile  by  the 

plume  will  results  iu  loss  of 
guidance  capability. 

(iii)  Scaling  and  afterburning  effects, 

particularly  between  flight  and 
static  conditions.  Plume  scaling  is 
required  in  going  from  measure¬ 
ments  on  small  test  motors  to 
operational  motors,  ami  can  be 
grossly  misleading  if  not  coupled 

with  adequate  predictive  methods. 
Afterburning  can  have  a  significant 
effect  ti|>on  the  temperature  profile 
of  the  plume  and  the  amount  of 
water  in  the  plume.  In  operational 
use  afterburning  is  u  function  of 
afterbody  geometry,  flight  velocity 

and  altitude,  missile  angle  of  attack 
and  propellant  composition  (see 
Chapter  1).  If  it  occurs  iu  flight 
but  not  tut  sialic  test  motors  then 
no  amount  of  sialic  testing  will 


adequately  characterize  the  opera¬ 
tional  signature. 

3.2  Experimental  Methods 
3.2.1  f  irings  in  Test  Chambers 

Firings  in  test  chambers  arc  necessarily 
confined  to  small  motors  because  of  facility  cost 
constraints.  The  US  Army’s  Signature 
Characterization  Facility  (SCF)  is  typical  or  the 
type  of  facility  required.  Details  of  the  SCF  and 
the  procedures  used  are  given  in  Chapter  3. 

3.2.  l.t  Usage 

Firings  of  small  test  motors  in  test 
chain  Iters  arc  recommended  to  :• 

(i)  Determine  the  secondary  smoke 

characteristics  of  specific  pro|iellaiU 
formulations.  The  data  from  test 
firings  arc  frequently  used  as  an 
input  to  analytical  codes  to  improve 
the  predictive  ability  of  the  codes, 
it  is  worth  noting  that  simple 
measurement  of  the  plume  trunsmis- 
sihillty  does  not  provide  a  signifi¬ 
cant  improvement  in  predictive 
capability  when  compared  to  simple 
thermodynamic  codes  such  as  those 
described  in  Section  3. 3. 2.1.  The 
data  is  also  useful  when  Ihe 
available  thermodynamic  data  may 
not  be  adequate,  e.g.  propellants 
with  a  high  level  of  flame 
suppressants, 

iii)  Provide  detailed  experimental  data 

for  validation  of  analytical  codes. 

3.2.1 .2  Facility  Characteristics 

The  characteristics  of  Ihe  lest  chamber 
should  conform  lo  the  following  recommen¬ 
dations  :- 

(i)  The  dilution  ratio,  or  mass  of  air 
within  the  lest  chamber  divided  by 
the  propellant  consumed,  should 
exceed  300:1. 

(ii)  Means  should  he  provided  to  allow 
conditioning  of  the  test  chamber 
atmosphere  over  Ihe  following 
ranges 


Temperature  233  to  323K 
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characteristics,  occurs  during  this 
period. 


Relative  Humidity  10%  to  00% 

(iii)  The  lest  chamber  should  he 
equipped  with  fans  to  ensure  mixing 
of  the  exhaust  products  and  the 
atmosphere  within  the  chamber. 


(iv)  Care  should  be  taken  to  ensure  the 
cleanliness  of  the  chamber  so  as  to 
minimi/.c  the  number  of  potential 
condensation  nuclei  present  in  the 
chamber  prior  to  motor  firing. 

3.2.1. 3  Test  Motor  Characteristics 

It  is  recommended  that  test  motors 
conform  to  the  following  definition  :- 

(i)  Approximately  neutral  burning 
characteristics,  with  expansion  of 
die  exhaust  gas  to  atmospheric 
pressure. 

(ii)  Minimal  (preferably  no)  usage  of 
ablative  materials. 

(iii)  A  burn  time  of  less  limn  2  seconds. 

(iv)  A  smokeless  igniter  should  he 
employed,  typically  using  double 
base  propellant  as  the  pyrotechnic. 
Igniters  using  the  same  propellant  as 
the  main  grain  should  also  he 
considered.  In  eases  where 
condensation  nuclei  are  considered 
critical,  replacement  of  the  standard 
pyrotechnic  initiator  with  a  glow 
plug  (hot  wire)  initiator  should  lie 
considered.  In  any  event,  calibra¬ 
tion  firings  with  the  igniter  alone 
are  recommended  to  ensure  that  the 
igniter  does  not  contribute  to  the 
motor  signature. 

3.2. 1.4  Experlmei  ml  Procedures  and 
Measurements 

The  following  procedures  and  measure¬ 
ments  are  recommended 

(i)  The  chamber  conditions,  the  change 

in  transmission  and  other  optical 
properties  should  he  carefully  and 
continuously  measured  for  a  mini¬ 
mum  of  six  minutes  after  motor 
firing  because  there  is  evidence 
(Figs  4-7  and  4-H)  that  droplet 
growth,  as  shown  by  the  signature 


(ii)  The  pressure,  temperature  and  dew 
point  of  the  atmosphere  within  the 
lest  chamber  should  be  continuously 
measured.  A  fast  response  time  of 
the  instrumentation  used  to  measure 
temperature  is  particularly  impor¬ 
tant  to  assess  the  amount  of  after¬ 
burning.  IR  Radiometers  are  used 
in  the  SCF  for  this  reason  and  are 
recommended.  Dew  point  is  meas¬ 
ured  in  the  SCF  with  a  digital 
humidity  analyser  (Model  911  Dew- 
Alt,  manufactured  by  EG  and  G 
Environmental  Equipment.  Burling¬ 
ton.  Massachusetts,  USA),  equiva¬ 
lent  equipment  is  recommended. 

(iii)  Cameras,  transmissometers  and 
v  iew  ports  should  he  used  lo 
monitor  the  formation  of  secondary 
smoke.  For  transmissometers,  the 
source  and  detector  should  generally 
he  tailored  to  approximate  the 
spectral  response  of  the  human  eye. 
For  specific  wavelength  measure¬ 
ments.  dedicated  sources  and  detec¬ 
tors  are  required.  Detector  aperture 
should  he  small  lo  minimize  the 
reception  of  forward  scattered 
radiation. 

(iv)  Provisions  should  he  made  for  the 
measurement  of  particle  sizes  and 
number  density  of  nuclei  and 
droplets.  When  measurements  of 
the  primary  smoke  particle  size 
distribution  are  required  for  input 
lo  predictive  codes  which  include 
heterogenous  uueieatiou  then  parti¬ 
cles  as  small  as  ID'3  to  ID'2  should 
lie  included  because  of  their  large 
effect,  even  at  low  mass  concentra¬ 
tions,  upon  the  total  number  of 
condensation  nuclei. 

3.2,2  Free-Jet  Firings 

Frce-jct  firings  (defined  here  as  static 
motor  tests  with  no  restriction  of  the  exhaust 
plume)  tire  of  limited  utility  in  assessing  rocket 
motor  secondary  smoke  signature.  They  are  not 
recommended  for  the  acquisition  of  quantitative 
experimental  data,  since  the  environmental  effects 
cannot  he  controlled  or  reproduced.  The  exhaust 
plume  will  inevitably  be  affected  by  wind 
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conditions,  ground  contours,  and  temperature  and 
relative  humidity.  Thus  the  environmental  control 
required  for  reproducible  experimental  results  is 
lacking.  Sand  and  dust  entrained  by  the  exhaust 
jet  influence  secondary  smoke  formation  and 
represent  an  additional  unknown  factor.  Location 
of  the  instrumentation  is  important  in  the  ease  of 
an  afterburning  plume.  It  is  imperative  to  avoid 
the  afterburning  region  because  of  the  sensitivity 
of  secondary  smoke  formation  to  temperature. 


3.3 

Prediction  Methods 

3.3.1 

Thermodynamic  Data  Base 

3.3. 1.1 

HCl/Water  System 

The  calculation  procedure  given  below  is 
used  by  SNPE  and  is  based  upon  a  curve  fit  of 
the  data  from  Reference  1.  It  is  recommended 
for  temperatures  above  240K. 


At  best,  such  firings  reliably  provide  only  a  (a) 
smokc/no-smoke  assessment,  and  measurement  of 
plume  opacity  and  transmissibility  is  of  limited 
utility, 

3.2.3  Flight  Tests 
3.2.3. 1  Usage 

Right  tests,  hccuusu  of  expense,  arc 
normally  only  performed  as  part  of  a  missile 
development  program.  Usually,  the  purpose  of  the 
test  is  not  primarily  signature  characterization, 
hut  even  in  this  event  the  measures  recommended 
in  Section  3.2.3.2  will  maximize  their  utility. 


3. 2. 3. 2  Experimental  Procedures  and 

Measurements 

(i)  If  one  of  the  purposes  of  the  lest  is 
investigation  of  the  secondary 
smoke  characteristics  then  the  test 
should  he  conducted  in  atmospheric 
conditions  where  smoke  formation 
is  expected. 

(ii)  Accurately  record  (lie  locations  and 
orientations  of  any  transuilssom- 
eters  in  relation  to  the  launcher. 


NOMENCLATURE 

PS)  saturation  pressure  of  pure  water 
PSj  saturation  pressure  of  pure  HG 
P0  reference  pressure  (P0  -  101.3  kPa 
or  1  atm) 

T  Temperature  (In  Kelvin)  of  both 
phases 

PP|  saturation  pressure  of  water  on  an 
HCI/H20  mixture 

PP2  saturation  pressure  of  HC1  on  an 
HCI/H2()  mixture 

xt  molar  fraction  of  water  in  the  liquid 
phase 

x2  molar  fraction  of  HCI  in  the  liquid 
phase  (x  |  ♦  x2  -  1 ) 

•/l  activity  coefficient  of  water  in  the 
liquid  phusc 

y2  uetivity  coefficient  of  HCI  In  the 
liquid  phase 

Ln(x)  1  Napcrlan  (natural  logarithm  of  x 

(l>)  BASIC  EQUATIONS 

PP|  -  x,  y,  PS, 

PP2  -  x2  y2  PS2 

The  activity  coefficients  y(  and  y2 
characterize  the  non  ideal  behaviour  of  the 
liquid  phase. 


(lii)  Record  motor  size,  propellant  (c) 

composition,  thrust,  exit  pressure, 
exit  diameter,  and  burn  lime. 
Record  trajectory  data. 

(iv)  Record  wind  speed,  ambient  tem¬ 
perature  and  relative  humiuity,  if 
possible  at  different  altitudes. 

(v)  For  visual  and  cumera  observations 
of  smoke/no-smoke,  ecord  the 
background  lighting  conditions  (c.g. 
cloud,  dear  sky),  and  the  orienta¬ 
tion  of  the  sun. 


CALCULATION  OF  PS, 


Ln 


PS, 


a((  (1  -  Ln  T) 


1 

2 


“  al2  “|3  a!4 

6  12 


-  a  X  +  “16  _  a 

al5  '  al7 

20  T 


4-15 


The  ay  coefficients  are  fitted  on  the 
JANNAF  thermodynamic  data  for  liquid 
and  gaseous  H2O. 


3. 3. 1.2 


HF/HCl/Water  System 


The  available  data  base  is  inadequate  for 
systems  involving  fluorine.  Reference  8  is 


al  1 

- 

4.593365 

recommended  as  an  interim  standard  and,  since 

a12 

- 

1.1084499E-03 

Reference  8  is  not  generally  available,  the 

al3 

- 

-  4.1521 180E-06 

relevant  data  are  given  in  Table  8. 

a14 

m 

2.9637404E-09 

“13 

- 

-  8.0702101E-13 

3. 3. 1.3  KOH/W 

“16 

- 

-6687.164 

“17 

m 

-40.65053 

Potassium  salts  are  frequently  used  to 

(d)  CALCULATION  OF  PSj 

The  origin  of  the  data  is  the  same  and  the 
expression  identical  after  substituting  PSt 
for  PS)  and  a2j  for  a(j 


a2t 

a22 

a23 

a24 

a2S 

a26 

“27 


75.36436 

-  0.6095065 
1.2167492E-03 

-  2.0979720E-09 
9.8658 19  IE- 13 

•  8099.362 
-312.2104 


(c)  CALCULATION  OF  y,  AND  y2 


Ln  T 


Ln  T 


rX2(~1+7X2  +  “‘X2  +  7X2  ) 

l(\  ^  S  2  D2  J  \ 

r», (7--- -7«,J 


suppress  afterburning  in  exhausts  of  rocket  motors 
containing  double-base  propellants.  Potassium 
hydroxide  (KOH)  is  the  common  exhaust  product 
of  these  salts.  KOH  condenses  to  liquid  and  solid 
phases  at  temperatures  of  1S93K  and  633K, 
respectively  and  thus  will  be  in  the  form  of  solid 
particles  long  before  any  water  condensation 
processes  start  in  the  plume.  These  particles  will 
act  as  nuclei  upon  which  water  will  condense 
when  the  appropriate  temperuture  and  vapour 
pressure  conditions  are  reached.  It  is  not  clear  to 
what  extent  the  KOH  will  be  either  in  the  form  of 
relatively  pure  purticlcs,  or  will  have  condensed 
with,  or  upon,  inert  nuclei.  However,  KOH  is 
very  soluble  in  water  and  its  presence  in  an 
exhaust  will  cause  water  condensation  to  begin 
considerably  below  the  saturation  vapour  pressure. 
According  to  Reference  22  mixed  nuclei  of 
soluble  and  insoluble  material  behave  like  wholly 
soluble  nuclei  of  equivalent  size  at  relative 
humidities  above  about  70%  (Ref  19,  pp  7-9, 
section  9). 

The  saturation  vapour  pressure  of  water  over 
KOH  Is  given  quite  accurately  by  P0A.  Here  P0 
is  the  saturation  vapour  pressure  of  water  over 
inert  particles,  and  A  is  given  by 


with 


exp  (-2M0) 


A| 

B. 

C. 

D. 


76.58848  +  -39705.53/T 

-450.5769  +  1 09608, 1/T 

801.4499  +  - 109729, 4/T 

-296,8485  +  3 1565.0 1/T 


where 


M  is  the  molarity  of  KOH  and 
0  is  the  osmotic  coefficient  of  KOH 


and 


+  B.  +  C . 

+  2C, +  3D. 
+  3D, 


The  A,,  B,,  C,,  D,  coefficients  were 
optimized  to  Tit  the  Perry's  Handbook  data 
on  HCl/HjO  binary  equilibrium. 


The  osmotic  coefficient  of  KOH  as  a 
function  of  molarity  of  KOH  (23)  In  water 
solution  is  given  In  Table  9. 

At  this  time  there  is  insufficient  evidence 
to  verify  that  real  rocket  motor  exhausts  behave 
in  the  ideal  manner  defined  above.  Further  work 
is  needed  In  this  area. 
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IMLEJJi 

VAPOUR  PRESSURE  DATA  OF  Htl/HF/ll2()  SOLUTIONS 


Liquid  phase  composition  Sold  79  Soln  24  Soln  60  Soln  82  Soln  85 

(mole  fraction) 


HCI 

HF 

h2o 

.073 

.163 

.764 

.093 

.130 

.777 

.0637 

.1911 

.745 

.075 

.175 

.750 

.075 

.148 

.776 

Oas  Phase  Composition  at  273.15K 

(0°C)  (mole  fraction) 

HCI 

.055 

.148 

.054 

,112 

,056 

HF 

.173 

.152 

,2ul) 

,208 

,144 

h2o 

.773 

.701 

.748 

,0/9 

,800 

fn  P  -  A  +  B/T 

A  (HCI) 

19.22 

18,57 

18,99 

19.89 

18.104 

B  (HCI) 

-5827 

-5385 

-5748 

•5842 

■5504 

A  (HF) 

12,88 

18.351 

18.949 

21.45 

20.50 

B  (HF) 

-.3785 

-.8319 

-5379 

-0099 

5901 

A  (H,()) 

14.5.3 

19,07 

18.821 

20,15 

18.15 

B  (HjO) 

-.3824 

-5097 

-4985 

-5421 

•4791 

Notes  ;•  1  Nomenclature  as  follows  P  -  vapour  pressure,  lorr  T  -  absolute  leinperulurc,  °K 


lABLLia 

OSMOTIC  COEFFICIENTS  OF  KOII 


M 

<0 

M 

0 

M 

0 

M 

0 

M 

0 

,001 

.988 

.2 

.930 

,9 

,989 

5,0 

1.533 

10.0 

2.229 

.005 

.976 

.3 

.934 

1.2 

1.023 

5.5 

1,604 

12.0 

2.480 

,01 

.968 

.4 

.940 

1,6 

1,072 

6.0 

1.675 

14.0 

2.700 

.02 

.958 

.5 

.948 

2.0 

1.123 

7.1) 

1.817 

16.0 

2,880 

.05 

.944 

,6 

.957 

3.0 

1.256 

8.0 

1.957 

18.0 

3,009 

.10 

.934 

.7 

.967 

4,0 

1.393 

9.0 

2.095 

20.0 

3.079 
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3.3.2  Secondary  Smoke  Formation 

3.3.2. 1  Preliminary  Determinations  and  Pro¬ 
pellant  Classification 

For  approximate  determination  of 

smokc/no-smokc  limits  as  a  function  of 
atmospheric  conditions,  equilibrium  calculations 
are  satisfactory.  Conservation  of  enthalpy  should 
he  assumed,  it  is  not  calculated.  The  propellant 
secondary  smoke  classification  is  also  given  by 
these  calculations  (see  chapter  on  Terminology). 

3. 3. 2. 2  Complete  Models 

More  complex  modelling  of  secondary 

smoke  formation  should  Include  (as  a  minimum) 

(I)  afterburning 

(II)  mixing  of  the  exhaust  with  ambient 
air 

(ill)  the  effects  of  condensation  nuclei, 

including  soluble  and  Insoluble 
material 

(lv)  the  effects  of  droplet  growth 

kinetics  and  droplet  evaporation 
upon  the  size  distribution  of 
droplets  mid  the  resultant  effects 
upon  plume  obscuration  ami  vis¬ 
ibility 

The  current  analytical  codes  are  not 
adequately  verified,  and  further  development  Is 
required.  It  is  recommended  that  :• 

(I)  particle  sl/e  distributions  of  conden¬ 

sation  nuclei  In  the  motor  exhaust 
he  measured  for  typical  propellant 
formulations.  This  data  should  he 
used  us  Input  to  (lie  computer 
codes. 

(li)  Increased  effort  should  be  devoted 

to  verification  of  the  codes  in 
l'rec-|el  conditions.  This  requires 
modelling  of  the  exhaust  plume  as 
affected  by,  for  example,  ambient 
wind  conditions.  The  IFTA  code 
(see  Table  3)  Incorporates  such 
considerations.  Suitably  Instrument¬ 
ed  test  firings  will  lie  required  to 
verily  the  resultant  predictions, 


development.  Specific  effort  is 
required  to  validate  droplet  growth 
kinetics  and  evaporative  media- 
n isms  because  of  their  effects  upon 
the  droplel  si/e  distribution. 

3.3.3  Atmospheric1  Model 

The  recommended  atmospheric  model  base 
is  the  AUARD  Standard  Climatic  Data  Base 
discussed  more  fully  in  Appendix  4.  This  Is  a 
statistical  compilation  of  climatic  conditions,  eg 
temperature,  relative  humidity,  as  a  function  of 
altitude,  time  of  year  and  geographical  locution. 

3.3.4  Visibility 

The  visibility  of  a  secondary  smoke  plume 
Is  dependent  upon  the  plume  characteristics, 
background  illumination  conditions,  sun-plume- 
observer  angle  and  atmospheric  uttenuution. 
These1  factors  are  not  unique  to  the  secondary 
smoke  signature  and  are  discussed  In  Chapter  1 
which  rightfully  stresses  the  Importance  of,  as  far 
as  possible,  quantitatively  defining  the  missile 
operational  requirements  ami  goals, 

There  is,  however,  one  aspect  In  which  secondary 
smoke  signatures  are  unique.  The  formation  of  a 
secondary  smoke  plume  Is  dependent  upon  the 
temperature  and  relative  humidity  of  the  ambient 
air,  However,  the  parameters  alTeellng  plume 
visibility  cannot  be  assumed  to  be  Independent  or 
those  governing  the  formation  of  secondary 
smoke.  A  low  relative  humidity,  for  example,  Is 
more  likely  to  be  coupled  with  "exceptionally 
clear"  atmospheric  transmission  conditions  ami  a 
clear  skv  than  Is  a  high  relative  humidity.  This 
interrelationship  is  mu  quantified  by  existing 
climatic  data  bases  (including  the  Climale  Model 
described  in  Appendix  4). 

The  acquisition  ami  compilation  of  the  necessary 
statistical  climatic  data  linking  these  parameters 
would  represent  a  mammoth  undertaking  and 
cannot  be  recommended.  It  Is  therefore 
recommended  that  effort  be  devoted  to  the 
generation  of  algorithms  which,  at  least  for  a 
specific  operational  scenario,  provide  a  means  of 
I'.'latlog  the  factors  governing  pluim1  formation  to 
those  affecting  visibility.  At  the  least,  both  users 
and  system  analysis  should  be  aware  of  the 
IKitcnllal  lor  error  If  these  liiier-relutiimshlps  are 
Ignored. 


(Hi)  firings  in  lest  chambers  should  be 
continued  to  provide  data  for  code 
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Fig.  4-1  Predicted  Secondary  Smoke  Formation  at  Sea  Level  [9,  17,  18] 
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Pig.  4-4  Predicted  Plume  Contours.  Composite  (25*  AP)  Propellant 
Sea  Level 


(a)  Insoluble  nuclei 

(b)  Soluble  nuclei 
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TRANSMISSION 
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Fig.  4-5  Predicted  Transmission  as  a  Function  of  Plume  Characteristics  [19] 
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Fig.  4-6  Predicted  and  Measured  Smoke/No-Smoke  Boundaries  [9,  17,  18, 
21] 
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TRANSMISSION 


Fig.  4-7  Predicted  and  Measured  Light  Transmission  -  Test  Chamber  Data 
-  HMX  Composite  with  25%  AP,  256K.  73%  RH 
Sea  Level  [19] 
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Fig.  4-8  Predicted  and  Measured  Light  Transmssion  -  Test  Chamber  Data 
•  HMX  Double-Base  (no  AP),  239K,  81%  RH 
Sea  Level  [19] 
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Fig.  4-9  Light  Transmission  Through  Plume  -  Launch  Phase  -  Test  #1  [21] 


Fig.  4-10  Light  Transmission  Through  Plume  -  Launch  Phase  -  Test  #2  [21] 
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1.  INTROC  iCTICiN 

Exhaust  plumes  or  tactical  missiles  radiate 
energy  over  a  broad  spectral  range  producing 
signatures  (finger  prints)  that  may  he  used  for 
detection,  Identification  and  targeting  or  for 
tracking  and  control,  This  phenomena  very  often 
poses  two  major  conflicting  requirements  on 
system  designers,  one  Is  for  high  ballistic 
performance  and  the  other  is  for  minimum 
signature.  Good  ballistic  performance  often 
requires  the  use  of  metal  enriched  propellants 
resulting  In  high  temperature  exhaust  plumes 
laden  with  metallic  oxide  particles.  Consequently 
the  signature,  composed  of  gaseous  and  continuum 
emission,  is  more  Intense.  Design  of  the  rocket 
motor  nozzle  and  missile  ufterbody  geometry  can 
be  tailored  to  reduce  plume  rudlalion  by  reducing 
or  eliminating  zones  of  rccomprcssion  and  high 
temperature  thereby  moderating  or  suppressing 
afterburning,  Where  dual  stage  propulsion  is 
used,  u  method  of  reducing  the  Intensity  of 
radiation  in  the  critical  terminal  phase  of  flight  is 
to  ruise  booster  muss  at  the  expense  of  sustalner 
mass. 

To  uddress  signature  problems  It  Is 
nccessarv  to  have  a  thorough  understanding  ol  the 
mechanisms  producing  emissions  in  plumes.  The 
classification  cf  this  emitted  radiation  Into 
spectral  regions,  the  operational  role  of  the  system 
which  dictates  spectral  criteria,  and  the  overall 
system  design  help  in  assessing  comparative 
methods  for  rocket  motor  evaluation  in  terms  of 
plume  signature.  From  a  designer's  point  of  view 
the  requirements  arc  system  dependent  in 
practically  every  ease  and  a  simple  grouping  Into 
two  or  three  system  bused  categories  might  be 
considered  like  :* 

(i)  small  tactical  missiles  -  short  rungc 
(low  altitude) 

(II)  large  missiles  -  long  range  (low  and 
high  flying,  booster  phase  and 
sustalner  phase). 

The  operational  requirements  concerned 
with  obscuration,  detectability.  Interference, 


guidance  etc.  are  very  system  specific  and  in 
many  eases  classified.  Because  of  this  and  the 
overall  complexity  of  the  problem  it  is  natural 
that  this  ViOARD  advisory  report"  cun  only  give 
guidelines,  general  rules  and  baric  recommenda¬ 
tions  for  assessment  methods  such  as 

(i)  theoretical  calculation  techniques 

(li)  measurement  procedures 

(ill)  presentation  of  results 

(iv)  standards 

(v)  units  used 

(vi)  limitation  of  measurements  and 
computer  codes 

The  achievable  prognostic  results  of  plume 
radiation  depend  a  lot  on  available  measuring 
techniques  and  devices  and  on  the  effort  and  level 
of  understanding  ihut  goes  into  the  computation 
of  radiation  phenomena.  Rocket  plume  flowfleld 
calculations  must  provide  sufficient  information 
on  the  distribution  of  plume  parameters  such  as 
temperature,  pressure  and  species  mole  fractions 
throughout  the  plume,  It  Is  a  continuous  interplay 
between  measured  results,  plume  flowfleld 
parameters  and  radiation  calculation  models. 

2.  CHARACTERIZATION  OF  ROCKET 
MOTOR  PLUME  RADIATION 

2.1  General  Description 

The  hot  combustion  products  of  a  rocket 
propulsion  system  produce  a  highly  turbulent 
exhaust  plume  us  they  expand  through  the  nozzle 
Into  the  surrounding  atmosphere.  These  products 
consist  of  hot  gases  from  the  burning  process, 
activated  and  deactivated  molecules  promoted  by 
chcmlcul  reactions,  uccclcratcd  particles  of 
incompletely  burnt  fuel,  soot,  metal  oxide 
condensates  and  other  solid  constituents.  The 
plume  Is  un  extremely  complicated  chemical  and 
thermodynamic  entity  whose  properties  very 
largely  depend  upon  the  type  of  propellant,  motor 
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and  nuzzle  design,  gas  dynamics  and  flight 
conditions,  This  chapter  is  mainly  concerned  with 
radiation  from  this  complicated  source  which  is 
scattered,  reabsorbed  und  quenched  during  this 
emission  process, 

In  a  typical  propulsion  system,  plume  solid 
particles,  (he  nozzle  and  other  parts  which  operate 
at  elevated  temperatures  full  into  the  thermal 
emitter  category,  Thermal  emitters  produce 
radiation  which  can  he  partially  described  by 
Planck's  spectral  distribution  of  emissive  power, 
Considerable  energy  is  produced  in  (he  infrared. 
The  presence  of  this  source  of  radiation  is  of 
importance  in  weapon  systems  where  thermal 
seekers  are  used.  Solid  particles  arc  evident  in 
the  far  field  plume  region  because  they  produce 
smoke  but  in  this  chapter  we  arc  concerned  about 
the  near  field  region,  where  several  types  of  solids 
may  be  excited  to  emit  radiation.  Snot,  for 
instance,  exists  predominately  in  rocket  motors 
using  carbon  hydrogen  fuel  with  a  C/H  ratio  of 
over  0,5,  Metal  oxides  are  formed  from  metallic 
additives  such  us  Al,  Mg,  and  Zr  where 
concentrations  between  S'*  and  20%  are  used  In 
composite  and  composite-double  base  propellants, 
Boroxidcs  are  sometimes  produced  in  solid 
rumjets  where  Boron  is  a  content  of  the  fuel. 

Further  flume  emission  comes  from 
molecular  reactions  which  can  lie  divided  into 
rotatlonul  spectra  due  to  changes  in  the  rotational 
energy  of  the  molecule,  vibrutlonul  spcciru  due  to 
changes  in  the  vlbrutionul  energy  of  the  molecule, 
electronic  spectra  from  changes  in  the  energy  of 
the  molecule  due  to  different  electron  arrange¬ 
ments,  and  to  combinations  such  as  vibrational- 
rotational  transition  spectra. 

In  these  typically  complicated  processes 
there  is  rarely  complete  knowledge  of  the  kinetics 
of  the  series  und  parallel  chemical  reactions 
occurring  within  the  plume.  Compounding  the 
problem  of  source  complexity  is  the  fuel  that 
selective  radial 'on  from  a  flame  does  not 
correspond  to  a  relatively  simple  spectral 
distribution  as  shown  by  a  bluckbody.  The 
character  of  radiation  from  these  sources  is  much 
more  complex  und  difficult  to  treat  than  that 


from  solid  bodies  and  consequently  more  difficult 
to  model.  For  the  purposes  of  this  article  the 
different  models  describing  the  production 
mechanisms  do  not  need  to  bo  presented.  It  is 
sufficient  that  molecules  or  atoms  exist  in  discrete 
energy  states  und  that  the  electromagnetic 
radiation  emitted  hy  an  excited  molecule  appears 
only  in  discrete  quanta  of  radiation. 

2.2  Phenomenology 

Rocket  exhaust  plumes  arc  characterised 
hy  turbulent  mixing  and  very  often  afterburning 
in  a  flow  initially  dominated  by  strong  wave 
processes.  The  initially  undcr-cxpundcd  exhaust 
equilibrates  to  ambient  pressure  via  u  sequence  of 
expansion  und  compression  waves.  Mixing  and 
afterburning  processes  commence  und  develop  in 
the  shear  layer  formed  between  Hie  exhaust  plume 
and  ambient  external  How. 

The  overall  plume  ftowfield  can  he 
subdivided  into  the  three  regions  as  seen  in  Figure 
5-1,  namely  :• 

(I)  the  predominantly  neurfleld  inviscid 
plume  where  wave  strengths  are 
strong  and  turbulent  mixing  proc¬ 
esses  are  generally  confined  to  thin 
layers, 

(ii)  a  transitional  region  where  the 
mixing  layers  engulf  the  entire 
plume  and  wave  strengths  diminish 
due  to  turbulent  dissipation. 

(iii)  the  farfield  fully  viscous  plume 
where  wave  processes  have  totally 
diminished  and  a  constant  pressure, 
turbulent  mixing  environment  pre¬ 
vails. 

Given  this  complicated  flow  field  regime,  it 
is  a  challenging  tusk  to  understand  und  predict  its 
radiution  properties.  The  objectives  are  to  define 
plume  signature  mcehunisms,  quantify  their 
temporal,  spatial  and  spectral  characteristics  for 
various  types  of  propellant  and  altitude  regimes 
and  list  their  importance  for  selected  missile  flight 
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tasks.  To  engage  this  problem  one  lias  to  secure 
agreement  on  key  definitions,  on  the  recognition 
of  crucial  geophysical  constraints  and  on  the  way 
the  parameters  are  described.  Such  agreement 
would  establish  a  common,  uniform  method  of 
information  gathering  and  would  likely  describe  :- 

(i)  the  mechanisms  that  create  or 
produce  plume  radiation,  with 
details  of  physical  utid  chemical 
constraints 

(ii)  the  Intensities  of  electromagnetic 

radiation  produced  over  a  given 
wavelength  band,  the  spectral 
distribution  of  energy  within  that 
band  and  haw  measured  or 

predicted  values  relate  to  the  .source 
of  emissions 

(iii)  how  these  radiation  properties  are 
influenced  by 

(a)  motor  design  (performance 
optimization,  propellant  com¬ 
position  etc.) 

(b)  conditions  independent  of 
motor  design  e.g,  flight 
regime,  atmospheric  extinc¬ 
tion,  plume  background. 

This  type  of  characterization  forms  a 
parametric  study,  it  allows  for  an  understanding 
of  plume  radiation  phenomena  ami  the  formation 

of  a  radiation  prediction  technique  for 

applications  in  support  of  missile  detection, 
guidance  and  tracking. 

As  rocket  night  tests  arc  extremely 
expensive  and  plume  radiation  in  flight  is  di'Ticult 
to  measure  it  is  very  Important  to  have  accurate 
prediction  codes. 

In  designing  passive  sensor  systems,  buttle 
scent  simulation  codes  arc  a  vital  aid.  They  must 
address  all  possible  scenarios,  a  wide  range  of 
atmospheric  conditions,  variations  in  background 
structure,  turbulence,  short  motor  burn  times  etc. 
To  distinguish  a  missile  operating  in  such  an 


inconstant  environment  its  exhaust  radiation  must 
he  characterised,  emphasising  unique  spcctr.r 
properties  lor  positive  Identification. 

2.3  Origin  of  Plume  Radiation,  System 
Aspects  and  their  Operational  Implications 

Missile  exhaust  plumes  radiate  energy  over 
wide  regions  of  the  electromagnetic  spectrum. 
Radiation  processes  have  lltclr  origins  In  the 
chemical  reaction  mechanisms  of  combustion  that 
take  ptucc  during  the  rocket  Tiring.  Emission 
spectra  arc  governed  by  the  excitation  energy  of 
atoms  and  molecules  throughout  the  exhaust 
which,  among  others,  is  a  function  of  local  energy 
and  thermodynamic  conditions.  If  a  local 
thermodynamic  equilibrium  (LTE)  model  is 
assumed,  the  excitation  of  molecular  states  can  he 
described  by  a  Boltzman  distribution  correspond¬ 
ing  to  a  single  temperature.  If  LTE  is  not 
guaranteed  the  development  of  such  a  radiation 
model  is  no  longer  valid,  Gas  phase  radiating 
species  presettt  in  the  plume  are,  in  major  part, 
determined  by  the  propellant  composition  and  the 
reaction  of  its  combustion  products  with  the 
ambient  air.  Increasing  the  complexity  of 
radiating  species  within  the  gas  mixture  creates  a 
multitude  of  spectral  lines  with  overlapping 
radiation  properties  so  that  a  line-by-line  model 
has  to  lie  replaced  by  a  baud  model  to  describe 
the  radiation  characteristics.  Table  5.1  denotes  a 
number  of  possible  plume  radiation  mechanisms. 

Plume  radiation  can  originate  from 

(i)  chemical  reactions  in  the  burning 
process 

-  molecular  and  eleelronic  excita¬ 
tions  and  transitions 

-  chemiluminescence,  fluorescence 

•  exothermal,  radiation  producing 
reactions 

(li)  thermal  emission  in  the  afterburning 
phase,  plume/atmosphcrc  mixing  and 
shock  heating  in  the  afterburning 
region  produced  by  liquid  or  solid 
particles. 
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TAPLE,3,1, 

PLUME  RADIATION  MECHANISMS  AND  MAXIMUM  EMISSION  RATES 


Mechanism 

Approximate  Maximum  N|teclriiiii-liiiegr.iletl 
tinergy  Supply  Rales  for  an  P.xliausi 

With  W  .  330  kgs-* **(M 

S|«ctral 

Region 

1 

Core  Radiation 

2,30  x  I03 

.  Watts 

IR 

2 

3 

4 

Afterburning  Radiation 

Colliiiona!  Deceleration  Radiation 

Internal  .Shock  Radiation 

1.07  x  It)3 

1 1.8  x  I03 

f) 

32.8  s  it)3 

.  Walls  (It  50  km) 

,  Walls  (h  •  0  km) 

,  Walts  (60  ^  It  ^  00  km) 

.  Walls  (It  ;>  200  kin)*' 

IR 

IR/VIS/UV 

5 

6 

Atmospheric  Pumping  Radiation 

Atomic  Oxygen  Cliciui  luminescence 

1  4  ,x  I07 

,  Walls/km  (00  <;  It  <£  130  km)  IK 

7 

High  Allitiulc  Molecular 

Associalion/Dissocintion  Rmlmlion 

3.U  \  lb3 

Walls/km  ill  J>  1 30  km) 

IR/VIS/UV 

8 

Airglow  front  Kockel  Vehicle  Inclun 

0.70  x  III3 

Walls  Hi  •  |()0  kill) 

IR/VIS/UV 

0 

Scattering  of  Clmml>cr  Rndinlion  by  Plume 

0.73  x  It)3 

,  Wall* 

IR 

10 

Solar  Radiation  Scaiieretl  by  Solid 

Partlclci  In  Plume 

2.2  \  It)4 

.  W, ills/km 

VIS 

11 

Solar  Radiation  Scattered  by  (Inseous 

Species  In  Plume 

0.30 

.  WatlVkm 

VIS 

12 

Absorption  of  Solar  UV  by  Plume  Oases 

anti  Kcemlssitm  in  tJV,  VIS  mill  IK 

7  48  x  1 1)1’ 

Watls/kni 

IK/VIS/IR 

13 

I’lumc-Huflecleil  linrllishiuc 

5.85x  It)  3 

WalIVkni 

IR 

*  Thu  ascending  rocket  is  assumed  to  follow  a  typical  trajectory  for  near-earth  orbit  Injection; 
h  -  altitude.  Radiations  given  in  watts/km  refer  to  km  of  trail  length  with  V  -  3  knw*. 

**  This  value  is  for  W  -  350  kgs'1.  Usually  at  this  altitude,  a  second  or  third  stage  is  burning 
and  the  radiation  should  be  scaled  down  hv  a  factor  of  350/50  -  7, 


The  plume  signature  of  a  tactical  missile  is 
strongly  enhanced  by  the  burning  of  excess 
exhaust  hydrogen  and  carbon  monoxide  in  the 
atmospheric  mixing  region  downstream  of  the 
nozzle.  This  afterburning  elevutes  the  continuum 
radiation  from  particles  as  well  us  ihul  from  gas 
emission. 

Condensed  species  may  be  either  solid  or 
liquid  and  typically  rudiutc  in  a  broad  continuum. 
(Jus  radiation  is  predominately  molecular,  with 
electronic  transitions  in  (lie  visible,  ultruviolet  and 
rotationul-vibrational  transitions  in  the  infrared. 
Two  key  operational  aspects  of  missile  exhaust 


plume  radiation  arise,  one  is  radiation  interfer¬ 
ence  with  linc-of -sight  guidance  systems  where  the 
guidance  signal  must  puss  through  the  plume  and 
the  other  is  the  possibility  of  Interrogation  by 
early  detection  countermeasures. 

Evusivc  manoeuvres  and  countermeasures 
assume  a  greater  importance  for  longer  runge 
missiles  where  the  response  time  uvuilublc  to  an 
adversary  is  greater  and  where  the  final  closing 
velocity  of  the  missile  ut  the  end  of  a  coast  period 
can  be  quite  slow.  Another  important 
consideration  is  simply  the  variation  of  the 
exhaust  plume  signature  during  the  flight  of  the 
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missile.  The  launch  typically  begins  with  u  bright 
burst  of  flame  with  some  degree  of  plume 
impingement  on  the  launcher  which  can  act  us  u 
flame  holder.  Flight  continues  with  marked 
changes  in  signature  in  going  from  boost  to 
sustain  and  from  the  burn  out  to  a  coast  period. 
Variations  of  altitude  and  velocity  during  flight 
also  affect  afterburning  and  modify  the  plume 
signature. 

For  the  detection  und  trucking  of  tuclicui 
missiles,  spectral  regions  of  importance  are  those 
in  which  strong  plume  emissions  occut  in  an 
atmospheric  'window*,  a  spectral  region  where 
good  long-range  atmospheric  transmission  is 
Itossihle.  The  atmospheric  windows  are  restricted 
by  the  onset  of  strong  UV  absorption  of  wuicr, 
oxygen,  and  nitrogen  below  about  25t)iuu,  by  the 
strong  2.7/im  and  (i.3/mi  absorption  bands  of 
water,  and  by  the  strong  4,3/tin  and  l.'yim  bauds 
of  CO,.  A  special  phenomenon  exists  in  the 
ultraviolet  zone  near  300nm,  commonly  referred 
to  as  the  solur  blind  region.  In  this  spectral 
region  the  ozone  layer  of  the  earth's  upper 
atmosphere  blocks  out  nearly  all  sunlight,  resulting 
In  a  virtual  blackout  with  extremely  low 
background  levels,  even  during  daylight  hours. 
The  intensity  of  plume  emission  from  11,0  al 
2.7/nn  and  CO,  at  J.3/mi  is  strongly  attenuated 
by  atmospheric  absorption.  Nevertheless,  the 
intensity  of  emission  in  (he  wings  of  these  bands 
is  high  enough  to  make  them  historically  the  most 
important  wavelengths  for  plume  signatures.  The 
detectability  of  this  infrared  radiation  depends  not 
only  upon  range,  but  also  upon  altitude, 
atmospheric  conditions,  und  background. 

From  t lie  foregoing  radiation  producing 
mechanisms  we  shall  consider  here  in  more  detail 
only  Ihc  chemistry  of  plumes,  afterburn,  .  effects 
on  plume  rudiution  and  particle  radiation  iti  the 
plume 

2.3.1  Chemistry  ol  Plumes 

The  variety  of  emitting  species  in  the 
complex  flow  system  of  a  rocket  exhaust  is  a 
result  of  the  radiation  kinetics  of  collision 
processes  in  the  gas  phase.  Contributions  to  the 


radiation  stein  from  evaporation  and  condensation 
processes,  particle-molecule  reactions  and  reactive 
and  inelastic  collisions.  A  normal  radiation 
producing  chemical  reaction  (chemiluminescence) 

is  written:- 

A  ►  B  -  C  +  D* 

or  e.g.  CH  +  (>2  -  CO  +  OH* 

where  one  of  the  products  of  the  exothermal 
reaction  is  in  an  excited  state  (*)  which  is 
deactivated  by  Ihc  emission  of  radiation.  The 
wavelength  of  this  emitted  radiation  depends  on 
the  available  energy  so  that  emitted  line  spectra  in 
the  Infrared,  although  broadened  hy  the  known 
effects  of  collision  and  dopplcr  broadening,  come 
from  vibrational -rotational  transitions,  whereus 
UV  and  visible  radiation  between  lOOmn  and 
StiOnm  have  their  origins  in  the  more  energetic 
electronic  transition  states,  A  listing,  representing 
classes  and  examples  of  plume  chemical  reactions, 
is  given  in  Table  5.2.  Classes  of  reactive  und 
inelastic  collision  processes  are  listed  as  well  as 
their  major  effect  on  plume  excited-state 
distribution.  The  first  four  reaction  classes  listed 
(A  through  D)  represent  bulk  chemical  rate 
processes  where  the  ruuciams  and  products  are 
assumed  to  have  Internal  stule  distributions 
consistent  with  l.TE,  and  all  the  energy  consumed 
or  released  Its  the  reactions  Is  reflected  in  the 
local  kinetic  temperature.  These  four  reaction 
classes,  along  with  condensation,  evaporation  und 
heterogeneous  reaction  processes  are  sufficient  to 
describe  most  chemical  effects  in  low-altitude 
l.ll:  exhaust  plumes.  If  LTE  is  not  guaranteed, 
the  hypothesis  Involved  in  developing  a  radiation 
model  is  no  longer  valid,  since  the  radiation  is 
dependent  upon  the  population  of  upper  and  tower 
Mates  which  are  no  longer  related  by  a  Boltz.man 
distribution.  Rather,  the  populations  of  the  stales 
must  tie  calculated  by  codes  that  include  finite 
rate  kinetic  processes  along  streamlines.  This 
difficult  type  of  calculation  has  been  performed 
for  the  UV  spectral  runge  and  yields  values  that 
range  above  ttio.se  of  the  normal  SPF  species 
calculi, lions. 
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TABLE  5.2 


CLASSES  AND  EXAMPLES  OF  PLUME  CHEMICAL  REACTIONS 


Reaction  Class 

Oenemli/ed  formula 
(MP  Arbitrary  Collision 

Partner) 

Examples 

Major  Effect  on  Excited 
Stale  Distribution 

Reactions  Hint  rcteaso  or  Consume  Heat 

A  Exothermic  Ulmoleculnr 

A  +  U  C  ♦  I)  +  heat 

011  4  ll2  -  ll20  4  II 

Raises  gas  temperature 

Reactions 

co  4  on  -  co2  4  ii 

D  Thermoleciilar 

A  +  II  v  M  -  Al»  +  M 

II  4  II  4  M  -  ll2  4  M 

Raises  gas  temperature 

Combinations 

011  4  1!  4  M  -«  ll20  4  M 

C  Endothermic  llimolectilnr 

A  *  II  *  heat  -*  C  +  1) 

11,0  4  t)  roll 

Lowers  gas  temperature 

Reactions 

CO,  III"  CO  4  t). 

D  Colllslonal  Dissociations 

All  +  M  -  A  +  II  ♦  M 

0,  4  M  -4  20  4  M 

Lowers  gns  temperature 

11,0  4  M  -  II  4  011  4  M 

Reactions  flint  Create.  Doslroy  or  Transmute  Excited  Internal  Stales 

E  Chemiluminescent 

A  v  II  — •  C«T  l  +  |) 

CII  4  O,  -  Oil*  4  CO 

Directly  eientos  excited 

ttlmolc’cnlnr  Reactions 

CjO  4  O  -•  CO*  t  CO 

internal  stale 

E  Chcmiliimliiesceni  Com- 

A  4  II  4  (M)  -  All* T  i  v  (M) 

CO  4  o  4  M  -  CO,*  4  M 

Directly  cicaici  excllad 

lunation  Uenetitmt 

()  4  II  4  M  -4  oil*  4  M 

Internal  stale 

0  Colllsionnl  lixeiliition 

A  4  II  -  A*T  1  4  II 

CO,  4  CO,  -  ct),f  4  CO, 

Directly  creates  exeiled 

0  4  11,0  -  ll,Oi  4  0 

Internal  stales 

II  Colllsionnl  QucnvIiiiiK 

A*U  4  |l-4  A  4  11 

Oil*  4  M  -  011  4  M 

Directly  excited  Internal 

CO*  4  M  -4  CO,  4  M 

statu  in  heat 

1  Henctive  yuenehiug 

A  *  T  t  4  ll  -•  C  4  I) 

Oil*  4  O  -4  02  4  || 

Destroys  excited 

licit  4(1-  oil  4  Cl 

internal  state 

1  Excitation  Irmisfer 

A*U  *  II  "  A  *  "* 

NO*  <  1)  —  N,  t  o* 

Transmutes  excited 

4  C  4  D* 

•- 

II, T  4  o  -•  out  *  II 

internal  stale 

*  Excited  electronic  state 
T  Excited  vibrational  slate 
J,  Excited  rotational  state 


To  a  large  extent,  emission  from  molecular 
bands  Is  concentrated  in  the  Infrared  spectral 
region,  with  emitting  molecules  and  band  centres 
being  documented  in  Table  5.3,  When  viewing 
plume  radiation  over  long  distances,  atmospheric 
attenuation  becomes  important  ami  detection  is 
possible  only  In  an  atmospheric  "window". 
Dominant  IR-emissioii  is  that  from  CO,  CO.,,  and 
OH.  If  Boron  is  abundant  emission  from  HBO, 
B,C)3  can  be  obtained.  Visible  radiation  originates 


predominantly  from  Alkaline  metals  such  as  Na 
(0.5H5/mt),  K(0,V2.«m)  or  oxides  like  BOj  and 
AIO.  Du"  to  clicmMumincseence  OH-intcnslilcs 
can  be  higher,  as  described  by  Planck’s  radiation 
laws.  Examples  of  rate  constants  and  spectra  for 
CO  +  O  chemiluminescent  reactions  arc  given  In 
Figures  5-2  and  5-3,  The  reuder  is  also  directed 
towards  Reference  1H.  A  Usimg  of  important 
electronic  chemiluminescent  reaction  mechanisms 
is  given  in  Table  5.4. 


TABLE  3.3 


PRINCIPAL  PLUME  EXHAUST  GASES  NEAR-INFRARED  EMISSION  BANDS 


Molecule 


Band  Centres  (microns) 


1.96,  2.01.  2.06.  2.60,  2.77.  4.26,  4.68.  4.78.  4.82.  5.1?.  15.0 
4.66,  2.34,  1.57 
3.45,  1.76,  1.20 

0.94.  1.1,  1.38,  1.87,  2.66,  2.73,  3.2.  6.27 
4.50,  6.17,  15.4 

2.87.  3.90.  4.06.  4.54.  7.28.  8.57,  16.98 

1.00,  1.03,  1.08,  1.14,  1.21,  1.29,  1.38.  1.43.  1.50,  1.58.  1.67,  1.76,  1.87,  1.99 
4.0.  4.34,  5.34,  7.35,  8.69 
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2.3.2  Afterburning  Effects  on  Plume  Radia¬ 
tion 

For  applications  keyed  to  missile  detection, 
guidance,  etc.,  (c.g.,  in  IR-rclatcd  applications)  the 
overall  plume  structure  and  its  radiation  is  of 
strong  interest  with  attention  generally  focused  on 
the  far  field  solution.  For  such  applications,  the 
near  field  solution  serves  to  provide  starting 
conditions  for  a  farficld,  constant  pressure 
mixing/afterburning  calculation  (14).  Both 
requirements  and  their  interface  present  a 
challenge  to  mathematical  modelling.  The  fuel 
rich  products  of  combustion  inherent  in  solid 
rocket  motors,  often  combined  with  significant 
amounts  of  ignition  residue,  liner  and  inhibitor, 
mix  and  burn  with  the  entrained  air  in  the  so 
called  ’Plume  Mixing  Layer"  alter  leaving  the 
nozzle  (Fig.  5-4).  A  descriptive  term  lot  this 
secondary  combustion  is  ’afterburning".  With 
energetic  propellants  this  oxidation  is  very  similar 
to  the  combustion  that  occurs  in  turbulent  diffuse 
flames,  except  that  it  now  occurs  in  a  complex 
multi-phase  expansion  accompanied  by  strong 
shocks. 

As  in  the  case  of  ordinary  combustion, 
afterburning  is  a  free-radical  chain  reaction 
process  requiring  a  moderate  density  of  both 
oxidizer  and  fuel  species  to  sustain  the  chain,  a 
requirement  that  generally  restricts  this  phenom¬ 
ena  to  low  altitude  LTE  exhaust  plumes. 
Afterburning  can  be  suppressed  at  high  missile 
velocities  which  tend  to  "blow  off"  the 
afterburning  plume  regions  in  much  the  same 
manner  as  the  flames  from  a  Bunsen  burner  can 
be  extinguished  by  increasing  the  air/fuel  flow 
rate  above  a  critical  value. 

The  chief  impact  that  afterburning 
chemistry  has  on  plume  radiation  signatures 
comes  from  the  increase  in  plume  temperatures 
through  heat  release.  Most  rocket  exhausts 
produce  H2  and  CO  as  the  main  gas  phase  species 
that  fuel  afterburning  reactions  with  O?  from  the 
surrounding  atmosphere  to  produce  H,()  and  (JO.,. 
The  energy  transfer  in  the  afterburning  region 
producing  excited  vibrational,  rotational  and 
electronic  slates  is  rather  complex  and  we  refer 


here  to  the  extensive  available  literature. 

Predictions  of  exhaust  plume  temperature 
profiles  for  a  typical  tactical  missile  with  a  highly 
energetic  propellant  is  exhibited  in  Figure  5-5. 
Particulates  (16%  aluminium  in  the  propellant) 
were  equilibrated  with  the  gas  phase  In 
performing  these  calculations.  The  afterburning  is 
quite  rapid  at  sea  level,  with  significant  quantities 
of  unburnt  CO  and  H2  in  the  exhaust  being 
depleted  within  100  radii  of  the  nozzle  exit.  Non 
equilibrium  gas/parlicle  calculations  for  this 
system  would  exhibit  substantial  differences  in  the 
flow  structure  due  to  the  high  particle  loading. 

In  flight,  us  missile  altitude  increases  so 
the  afterburning  rate  decreases  due  to  a  reduction 
in  ambient  pressure.  Above  10-lSkm  and/or  for 
“cooler*  double-base  propellant  systems  (i.c„  those 
with  exhaust  temperatures  less  than  1000K),  the 
onset  of  afterburning  is  partially  controlled  by  tho 
conditions  in  the  missile  base  region.  The  role  of 
the  base  region  as  u  flamcholder  has  been  noted 
during  a  number  of  studies  and  combustion  that 
occurs  at  the  base  can  induce  uflcrburning  in  the 
downstream  plume  shear  layer  which  would  not 
otherwise  lie  present.  This  is  euusou  by  higher 
initial  temperatures  in  the  plume  shear  layer  and 
an  increase  in  free  radical  concentrations. 

2.3.3  Particle  Radiation  in  (lie  Plume 

In  general,  particulate  matter  in  the  plume 
may  influence  the  plume  radiation  signature  in  at 
least  live  wuys:- 

(i)  by  theimally  interacting  with  plume 
gases 

(ii)  by  chemically  reacting  with  |„ume 
gases 

(iii)  by  catalysing  physical  or  chemical 
changes  in  plume  gases 

(iv)  by  emitting  thermal  radiation  as  a 
result  or  heating  in  the  rocket 
combustion  chamber  or  plume 
afterburning  regions 

(v)  by  scattering  radiation,  such  as 
sunshine,  earthshine  or  combustor 
raJia'iun  (searchlight  effect) 
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It  should  be  noted  (hat  measurements  of 
plume  radiation  in  the  IR  can  be  influenced  by 
the  hot  nozzle  exit  which  also  emits  in  the  IR. 

The  presence  of  hot  particles  in  the 
exhaust  plume  generally  leads  to  significant  levels 
of  radiation  throughout  the  ultraviolet,  visible, 
and  infrared  spectral  regions,  There  arc  also 
other  Important  particle  effects  such  as  the 
scattering  of  sunlight  and  the  scattering  of 
emissions  from  the  combustion  chamber  and  other 
hot  parts  of  the  motor  known  as  the  ".searchlight 
effect".  These  scattering  effects  arc  considered  in 
the  "Secondary  Smoke"  chapter.  The  important 
particle  parameters  affecting  plume  signature  are 
their  size  distribution,  temperature,  and  concen¬ 
tration  (Figures  5-6  and  5-7).  For  certain 
applications,  such  as  scattering  from  laser  beams, 
it  is  also  necessary  to  know  the  particle  shape. 
Temperature  is,  iu  general,  dependent  upon 
particle  size  (i.c.  thermal  lag),  especially  for  small 
motors  and  high  altitude  plumes,  in  addition  to 
the  preceding  HowfielrJ  particle  parameters,  the 
plume  signature  ulso  depends  upon  certain  optical 
parameters,  specifically  the  variation  of  emlsslvlty 
with  particle  size,  temperature,  and  wavelength. 
The  vuriulion  of  emlsslvlty  with  size  cun  he 
computed  using  Mie  theory,  it  provides  the 
scattering  and  emitting  properties  of  a  spherical 
particle  of  known  size  and  refractive  index.  The 
assumption  of  spherical  shape  Is  probably 
acceptable  for  emission,  but  it  can  lead  to  serious 
errors  In  certain  scattering  properties  if  the 
particles  are  actually  noil-spherical. 

For  plume  calculations  such  information 
about  particle  properties  is  not  generally  available 
other  than  that  for  the  more  common  materials  of 
carbon  and  AlnOj.  Vulues  for  the  absorption 
coefficient  of  Aluminium  Oxide  (Icucosupphirc) 
can  Ik*  three  or  more  orders  of  magnitude 
underestimated  as  experiments  with  particles  iu 
flames  have  shown.  Absorption  eoel'l ieleiits  and 
indices  of  refraction  for  temperatures  tip  to 
2950K  are  given  in  Reference  lb. 

Size  of  motor  and,  as  indicated  in  Table 
5.5,  prupellunt  formulation  are  two  important 
factors  iu  the  computation  of  radiation  from 


particles  within  a  plume.  The  optical  depth  is  the 
relevant  non-dimensional  parameter  for  determin¬ 
ing  the  nature  of  the  radiation  transport  and  is 
the  path  integration  (absorption  +  extinction) 
coefficient,  or  equivalently  the  ratio  of  pathlength 
to  photon  mean  free  path.  If  the  motor  is  small 
and  particles  arc  present  in  small  concentrations 
only  us  a  stabilizer,  the  situation  is  one  of  low 
optical  depth  and  the  particle  continuum  and  gas 
bund  radiation  may  simply  be  added  together 
linearly,  At  higher  optical  depths  the  two 
contributions  must  be  combined  in  a  non-linear 
fashion.  For  'black"  particles  such  as  carbon,  this 
is  easy  since  the  effects  of  scattering  can  be 
neglected.  In  such  eases  the  plume  signatures  can 
be  calculated  using  u  simple,  one-dimensional  line 
of  sight  integration  as  used  for  guscous  emission. 
When  scattering  becomes  important  the  signature 
calculation  is  considerably  more  difficult  and 
must  recognise  the  three-dimensional  nature  of 
the  radiative  transport  process.  Major  interest 
lies  in  the  detection  of  incoming  tucticul  missiles 
anti  calls  lor  viewing  the  plume  at  aspect  angles 
close  to  the  "nose  on"  direction.  Plume 
obscuration  by  the  missile  body  reduces  the 
strength  of  signal  available  to  the  search  receiver 
and  to  model  such  signature  conditions  presents  a 
greuler  challenge  than  that  for  broadside  viewing. 

Common  among  Important  particle  species 
in  tactical  missile  plumes  arc  carbon  and  metal 
oxides  such  as  Al,()j,  MgO,  ZrO,,  and  ZrC.  The 
optical  properties  of  these  condensed  species  arc 
considerably  more  complex  than  those  of  gaseous 
species  such  us  IIjO  and  CO,.  Curbon  usually 
occurs  us  u  product  of  incomplete  combustion  and 
it  Is  generally  not  possible  to  calculate  the  soot 
conceit l ra l ion  iu  u  plume  u  priori.  -Stmt  particle 
sizes  tend  to  he  strongly  submicron  und  under 
certain  conditions  there  is  evidence  of  agglomera¬ 
tion,  the  building  of  smaller  particles  into  longer 
chains.  Carbon  Is  u  strong  emitter  over  the  entire 
ultraviolet,  visible  and  infrared  region.  The 
optical  properties  are  somewhat  variublc  and 
depend,  among  other  things,  upon  the  hydrogen 
content.  Al,0}  occurs  either  as  u  product  of 
uluminised  propellant  combustion  or  as  a  stabiliser 
where  it  is  added  direcllv  to  the  propellant  In 
small  quantities  to  suppress  acoustic  oscillations  in 
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the  motor  chamber.  The  crficicncy  per  gram  of  a 
stabilizer  material  is  maximum  for  particles  of 
micron  size  without  absorbing  energy,  whereas 
larger  particles  have  lower  surface  area  per  unit 
mass.  Typical  radiation  mechanisms  related  to 
propellants  and  wavelength  region  are  given  in 
Table  5.5. 


can  be  dominated  by  minor  constituents  of  the 
plume,  whereas  the  infrared  signature  is  generally 
dominated  by  the  plume  species  of  highest 
concentration.  Theoretical  models  employ  a  range 
of  application  codes  to  cover  the  electromagnetic 
spectrum. 


TABLE  5.5 


RADIATION  MECHANISMS/WAVELENGTH  REGION 


Propoll.il, i  Typo 

Itmtintloa  Mechanism 

Wavelength  Region 

Ahiminiseil  .Solid 
Composite! 

Particle  Tlicrmohiniineseencc 

Oil,  CO  +  O  Clicmiliimiucitccuce 

Af^Oj,  Nn  1)  l.iae  T  hermoliiuihiesicncc 

At^Oj,  11,0,  CO,.  CO  Tlierinoaiminesceuce 

At',0,,  11,0,  CO,  tlicrnioliiimnvkcciicc 

Mid  UV-Nenr  UV 

Near  UV 

Visible 

IR 

Par  IR 

Like  the  other  metal  oxides,  Al,03  is  a 
large  band  gap  semiconductor  in  the  solid  phase. 
The  emissivity  Is  high  in  the  ultraviolet  und  far 
infrared  but  lower  in  the  visible  and  mid-itdTured 
(transparent  regime).  To  a  large  extent  emissivity 
in  this  regime  depends  upon  the  semiconductor 
contamination  level.  Al203  is  generally  liquid  in 
the  motor  chamber  und  solidifies  In  the  no/./lc 
and  external  plume.  There  have  been  many 
attempts  to  model  the  formation  of  Al,Oj 
partie'es,  but  progress  lias  been  limited  by  lack  of 
reliable  size  distribution  measurements. 

2.4  Classification  of  Rocket  Motor  Plume 
Signatures  on  Spectral  Regions  of  Emitted 
Radiation 

The  design  engineer  must  lie  aware  of  the 
spectral  range  of  plume  radiation  whether  It  Is  his 
task  to  provide  effcellve  missile  detection  systems 
or,  in  the  ease  of  rocket  motor  design,  a  steulthy 
propulsion  unit.  Equally,  he  must  recognise  the 
spectral  discrimination  of  atmospheric  propagation 
and,  in  particular,  that  of  the  regime  under  which 
a  given  missile  operates.  Spectral  information  Is 
important  Tor  design  purposes  since  the  required 
techniques  for  different  purls  of  the  electromag¬ 
netic  spectrum  can  vary  significantly.  For 
instance,  it  is  understood  that  ultraviolet  emission 


With  a  wide  available  choice  of 
propellants,  igniters  und  materials  used  for,  or  in 
contact  with  the  combustion  process  it  is 
important  to  remember  that  one  spectral  feature 
may  uniquely  identify  a  missile, 

It  is  possible  to  classify  plume  radiation 
signatures  by  dividing  plume  emissions  Into  four 
principal  wavelength  regions. 


(1) 

Ultraviolet: 

100  ■  400nm 

(ii) 

Visible: 

400  •  700nm 

(III) 

Infrared: 

700nm  -  14/im 

<iv) 

Microwave: 

2  -  300  GHz 

The 

ease  with  which 

detection  can  be 

achieved  within  each  region  will  determine  its 
operational  importance.  Many  factors  govern  the 
choice  such  as  missle  flight  ultitude  und  attitude, 
type  of  propellant  and  motor,  ways  of  sensing, 
and  interactions  with  local  environment  and 
atmospheric  propagation.  Until  recently  the 
IR-rcgion  was  the  most  studied  sub-region  in 
plume  radiation  investigations,  but  because  of 
problematic  background  behaviour  in  the  infrared 
newly  developed  sensing  devices  In  the  UV-region 
arc  gaining  in  importance.  Figure  5-8  defines  the 
IR,  visible  und  UV  wavelength  regions  of  interest. 
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2.4.1  Ultraviolet-Radiation 

The  Ultraviolet  (UV)  region  can  further  divide 
in*o  the  vacuum  UV  (VUV)  (0.1/im  to  0.2/rm),  the 
mid  UV  (0.2/im  to  0.3/tm),  and  the  near  UV 
(0.3/itn  to  0.4/im).  At  VUV  wavelengths 
atmospheric  attenuation  limits  transmission  to 
extremely  short  ranges  or  longer  ranges  at  very 
high  altitudes.  Test  cell  measurements  can  be 
made  by  operating  in  a  vacuum  and  viewing 
through  appropriate  window  materials.  For 
tactical  missiles  the  region  is  of  no  practical 
interest.  In  the  mid  UV,  or  solar  blind  region, 
atmospheric  attenuation  limits  measurements  to 
rather  short  ranges  hut  the  uvailubliity  of 
extremely  sensitive  detectors  and  the  absence  of 
natural  sources  in  this  region  make  the  mid  UV 
an  attractive  region  for  the  detection  of  tactical 
missile  plumes.  In  the  near  UV  atmospheric 
transmission  permits  measurements  over  long 
ranges,  but  solar  scatter  is  prominent. 

2.4.2  Visible  Radiation 

Visible  radiation  is  easily  detectable  by  the 
human  eye.  Its  utmospheric  propagation  Is 
constrained  by  water  clouds.  Very  advanced 
detector  technology  is  available  using  u  range  of 
silicon  devices  as  well  us  high  guilt  photo 
multiplier  tubes.  Principal  Interests  are  in  the 
strong  sodium  (Na)  and  potassium  (K)  line 
emissions  (Fig.  5-9  lor  Na),  The  cmisslvity  Is 
strong  enough  to  detect  impurities  at  levels  of  u 
few  parts  per  million. 

2.4.3  Infrared  Radiation 

The  IR  region  can  be  further  divided  Into 
the  near  IR  (0.7/rm  to  2.5dm),  the  mid  IR  (2.5dm 
to  5dm),  the  far  IR  (5dm  to  14dm),  and  the 
extreme  IR  (14dm  to  microwave).  These  regions 
have  atmospheric  transmission  windows,  with 
significant  naturally  occurring  background  radia¬ 
tion  sources. 

Species  of  major  interest  us  sources  or  IR 
radiation  are  the  molecular  band  radiators  CO, 
and  HjO  with  possible  additions  CO.  HCI,  HF, 
NjO  and  the  condensed  particles  provided  by 


inorganic  oxides  and  soot  etc.,  radiating  as 
continuum  emission.  Particle  radiation  is 
broadband  covering  a  wide  range  of  the  visible 
and  IR  regions  whereas  molecular  band  radiators 
tend  towards  discrete  narrow  wavebands  which 
may  characterise  a  particular  propulsion  system. 

In  the  8.0/tm  to  M.O/itn  infrared  radiation 
band  particle  emission  is  a  strong  feature.  In  the 
1,5/jm  to  5.0//m  region  narrow  band  molecular 
radiators  will  be  found,  ).5^m  to  3.0jrm  is 
dominated  by  HjO  while  C02  and  CO  populate 
the  region  3.0/rm  to  5,0/rm  together  with  other 
species  depending  upon  propellant  composition, 
Some  continuum  emission  will  also  be  present. 

The  near  IR,  especially  0.7/rm  to  l.lj/m,  is 
of  significance  due  to  the  availability  of 
inexpensive,  uncoolcd  silicon  array  detectors  for 
imaging  devices.  Other  uncoolcd  detectors  (e.g. 
pyroelectrics  of  Ge)  are  also  used  In  this  region. 

2.5  Plume  Fiowfieltl  Properties  and  Motor 
Design 

The  potential  use  or  plume  electromagnetic 
radiation  to  uniquely  describe  a  missile  for 
whatever  purpose  requires  detailed  knowledge  of 
the  exhaust  flowficld  properties  that  generate  the 
chcml-physlcul  emission  mechanisms.  Develop¬ 
ment  of  the  flowficld  Is  governed  Initially  by 
eondltio''s  Inside  the  combustion  chamber  starling 
with  the  propellant,  Its  formulation  and  the 
conditions  under  which  it  burns,  the  acceleration 
of  gases  through  the  noz/Je  throat  and  their 
controlled  expansion  to  meet  the  ambient 
conditions  external  to  the  motor  at  the  nozzle 
exit.  Fuel  rich  gases  exiting  the  nozzle  mix  with 
oxygen  from  the  surrounding  air  to  promote 
secondary  combustion  (afterburning)  creating  an 
exhaust  flowficld  which  Is  a  fiercely  burning, 
highly  turbulent  gus  jet.  Downstream  of  the 
nozzle  exit  the  development  of  this  llowficld  Is 
strongly  influenced  by  the  flight  operating  regime. 
Examples  of  such  influences  include  pressure 
changes  with  altitude,  missile  forward  velocity, 
base  recirculation,  flight  attitude  and  whether  or 
not  plume  combustion  is  supported  throughout  the 
whole  of  flight.  These  properties  can  affect 
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spatial  radiation  distributions  and  the  quality  of  calculation  or  Plume  Radiance  using  the 

mixing  in  the  afterburning  region  which,  in  turn,  parameters  of  Tabic  5.6  in  Figure  5-10. 

affects  temporal  radiation  fluctuations. 


From  the  foregoing  it  is  clear  that  plume 

(ii) 

Static  firing  radiation  measurements 

radiation  signatures  for  a  given  motor  can  vary 

-  Results  of  radiometric  measure¬ 

widely  depending  upon  the  conditions  under 

ments 

which  measurements  are  performed,  ra  tging  from 

-  Results  of  spectrographic  meas¬ 

those  of  static  firings  to  those  of  flight  tests. 

urements 

Comparison  and  assessment  of  missile  plume 

-  Measured  motor  parameters 

radiation  signatures  should  be  made  utilizing 

*  Viewing  geometry  and  range 

information  from  a  variety  of  sources,  using 
motor  properties,  flow  field  parameters  and 

-  Atmospheric  conditions 

experimental  test  results.  A  listing  to  indicate  the 
relevant  data  required  would  read 

(Hi) 

Flight  radiation  measurements 

-  Results  of  radiometric  measure¬ 

(i)  Motor  properties  promoting  the 

ments 

flowficld 

-  Results  of  spectrographic  meas¬ 
urements 

•  Propellant  formulation  including 

-  Time  history  of  flight  to  relate  to 

trace  elements  which  might  create 

measurements 

non  equilibrium  phenomena  produc¬ 

-  Atmospheric  conditions 

ing  highly  excited  states 

Time  history  of  flight  must 

•  Thrust  and  massflow 

recognise  the.  missile  altitude, 

-  Combustion  chamber  properties 

velocity,  roll  rate,  attitude,  range 

•  Nozzle  geometry  and  exit  Mach 

and  geometric  relationship  between 

number 

the  plume  and  measuring  instrument 

•  Presence  of  flame  suppressants 

•  If  a  liquid  engine,  then  fuel  and 

for  any  instant  during  flight 

oxidant  composition  and  fuel  ratio 
(F/O) 

(iv) 

Influences  of  environment 

•  Flight  trajectory 

An  example  of  a  one  dimensional  kinetic 

-  Altitude  regime 

analysis  is  shown  in  Tabic  5,6  and  u 

TABLE  5.6 

-  Constituents  of  surrounding  air 
and  mixing 

ROCKET  ENGINE  EXIT  PLANE  FLOWFIELD  PARAMETERS/CHEMICAL  COMPOSITION 
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The  plume  shock  structure  of  a  rocket 
motor  operating  at  simulated  flight  velocity  of 
Mach  2  is  shown  in  Figure  5-11  and  is  hused  on 
photographs  and  pressure  measurements.  The 
motor  exhaust  flow  expands  to  an  altitude  static 
pressure  and  intersects  with  the  supersonic 
free-stream  airflow.  The  exhaust  gases  mix  with 
the  gases  in  the  base  recirculation  zone  which,  in 
turn,  mix  with  the  free-stream  airflow.  At  the 
point  of  intersection  between  the  exhaust  flow 
and  the  airflow,  mixing  continues  uirmly 
between  the  two  streams,  and  the  mixing  region 
increases  in  size  downstream.  At  the  intersection 
point,  two  shock  waves  are  forme  l.  The 
airflow-plume  Interaction  shock  diverges  from  the 
centre  line  whilst  a  barrel  shock  is  formed  from  a 
series  of  compression  waves  generated  by  the 
turning  of  the  exhaust  flow.  The  barrel  shock 
coalesces  with  the  rccomprcssion  shock  to  produce 
a  strong  shock  which  converges  to  the  triple  point 
where  two  more  sitock  waves  arc  formed.  The 
shock  wave  normal  to  the  axis  of  flow  is  called  u 
Mach  disk.  The  other  sitock  diverges  from  the 
centre  line  lo  the  plume  boundary  where  another 
set  or  shock  waves  is  formed.  The  converging 
shock  wave,  Mach  disk,  and  diverging  sitock  wave 
pattern  is  repeated  downstream.  Tlte  flow 
downstream  of  each  Much  disk  (normal  shock 
wave)  Is  subsonic  and  is  rcuccclcrutcd  to 
supersonic  How  at  the  sonic  line. 

3  ASSESSMENT  METHODS  OF  PLUME 
RADIATION  -  DETAILED  DESCRIPTION 

There  arc  no  generally  accepted  standards 
or  methods  in  use  to  assess  the  radiation 
properties  of  rocket  motor  exhausts.  If  the 
radiation  producing  mcchanisim  arc  known  to  u 
certain  degree  of  confidence  then  oilier  aspects  to 
lie  taken  into  account  arc  :- 

(i)  the  opacity  of  the  plume  with 

respect  to  its  own  emissions  to 
determine  the  radiation  exiting  the 
plume.  This  will  depend  on  the  size 
and  concentrations  within  the  plume 
und  the  existence  of  any  ipienching 
molecules. 


(ii)  the  opacity  of  the  plume's  immedi¬ 
ate  environment  to  the  radiation 
released  from  the  plume  which 
would,  for  example,  include  smoke 
or  any  other  form  of  local 
obscuration  in  the  linc-of-sighl  to 
the  observer. 

(ill)  the  complex  and  multiparametric 

problems  of  solar  illumination, 
background  radiation  and  atmos¬ 
pheric  transmission  where 
"windows"  exist  subject  to  various 
loss  mechanisms  such  as  Rayleigh 
and  MIc  scattering,  molecular 
absorption  and  ucrosol  attenuation. 
Figure  5-12  shows  atmospheric 
transmission  windows. 

3.1  Experimental  Methods 

The  majority  of  experimental  methods  used 
to  assess  plume  rad  lu  I  Ion  employ  one  or  more  of 
three  types  of  Instrument 

(i)  radiometric  devices  which  measure 
radiation  Intensity  in  a  specific, 
broadband  spectral  region 

(il)  spcelromctrlc  devices  which  meas¬ 

ure  die  radiated  plume  Intensity  us 
a  function  of  wavelength 

(iii)  imaging  devices  which  record 
intensities  und  radiating  plume 
geometries  on  u  lime  scale  given  by 
the  camera  type 

it  is  important  to  note  that  spectral 
measurements  permit  statements  to  be  made 
about  the  chemical  composition  of  a  plume 
leading  lo  the  possibility  of  positive  missile 
Identification. 

3. 1. 1  Radiation  Essentluls 

As  measurements  depend  to  a  large  extent 
on  “slate  of  the  art"  Instrumentation  we  shall 
avoid  detailed  descriptions  of  equipment,  An 
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outline  of  how  to  proceed  Is  given  in  Figures  5-13 
to  5-15,  Figure  5-13  Is  essentially  a  diugruin  of 
the  radiative  heat  transfer  equation,  in  Figure 
5-14  detectors  and  artificial  light  sources  over  a 
hroad  spectral  range  arc  given  and  in  Figure  5-15 
a  calibration  procedure  for  a  eamcra/radlomctcr  is 
presented  In  a  general  graphical  form, 

3.1.2  Test  Techniques 

Backed  by  technical  and  financial  feasibil¬ 
ity,  rocket  motor  plume  rudiution  characteristics 
may  be  determined  using  a  variety  of  techniques 
selected  to  foeus  upon  the  parameter  of  Interest 
with  the  desired  accurucy  for  the  characterization. 

Plume  characterisation  may  lie  performed 
hy  computations,  measurements  during  static, 
sea-level  tests,  simulation  chamber  tests,  or  flight 
tests.  In  principle,  the  flight  lust  Is  superior  In 
that  ll  provides  a  real  environment  but  the  cost 
and  measurement  difficulties  make  ll  generally 
prohibitive.  Testing  under  simulated  conditions 
and  simple  static  testing  follow  In  order  of 
reduced  expense  and  complexity.  Thu  alternative, 
that  of  computer  bused  theoretical  modelling,  Is 
attractive  but  duinutuls  of  confidence  usually 
make  validation  by  test  firings  necessary, 

3. 1.2,1  Static  Testing 

Open  :,ite,  ground  level,  static  testing  of  a 
solid  propellant  rocket  provides  access  to  the 
plume  by  radiometric  instrumentation.  It  Is  the 
cheapest  ami  easiest  test  to  conduct,  In  terms  of 
utility  It  is  the  least  desirable  since  the  rocket 
motor  does  not  experience  the  conditions  found  in 
flight,  consequently  the  static  plume  does  not 
have  burning  characteristics  iilcnticul  to  those  in 
flight.  Plume  spectral  and  spatial  radiation 
properties  may  he  measured  and  used  to  validate 
predictive  codes  lor  the  static  condition. 
Recognising  the  limitations,  the  results  of 
prediction  ami  measurement  combine  to  provide  a 
strong  indication  of  overall  plume  behaviour. 

Atmospheric  Interference  can  affect  meas¬ 
urements  In  (Ids  type  of  lest,  particularly  over 
long  ranges,  ll  is  necessary  to  adequately 


determine  attendant  atmospheric  conditions  to 
calculate  signal  losses  Normally  atmospheric 
temperature,  pressure,  humidity,  visibility,  compo¬ 
sition,  and  wind  speed  arc  recorded, 

During  a  static  test  general  motor 
performance  is  monitored.  Dimensions,  propellant 
formulations,  and  the  like  arc  predetermined  but 
performance  parameters  such  us  thrust,  chamber 
pressure,  temperature,  and  body  deformation  can 
be  measured. 

Instrumentation  deployment  is  relatively 
straightforward  with  fields  of  view  und  ranges 
stationary  und  cusiiy  determined.  Limitations 
only  exist  where  constraints  produced  by  the  test 
slund  mid  terrain  are  encountered. 

3. 1.2.2  A  III  Hide  Chumhers 

Large  vacuum  chambers  exist  cupuble  of 
testing  full-scale  models  und  subsystems  up  to 
simulated  altitudes  of  30km,  Near  field  data 
(nominally  one  exit  diameter)  cun  he  acquired 
which  are  useful  for  start  conditions  to  code 
predictions.  An  example  Is  given  In  Figure  5-16, 

3. 1.2.3  Simulated  Flight  Facilities 

Testing  a  solid  rocket  motor  under 
simulated  flight  conditions  provides  a  more 
realistic  plume  than  n  static  firing  hot  often  has 
restricted  access  to  the  plume  by  radiometric 
instrumentation.  Flight  simulation  Is  more 
expensive  limit  the  .static  lest  although  it  is  fur 
easier  and  chcupcr  to  conduct  limn  a  flight  trial, 
in  terms  of  utility  it  ullows  some  purumetcr 
changes  hut  still  muy  not  produce  the  true 
characteristics  of  the  flight  plume,  especially  when 
scaled  models  are  used.  Parameters  considered 
for  measurement  In  static  tests  upply  equully  to 
lliglil  simulation  and  arc  increased  in  number  by 
those  introduced  hy  simulation. 

Test  cells  arc  available  which  can  simulate 
lllght  conditions  from  sea  level  to  altitudes  of 
some  25km  ami  from  subsonic  velocity  to  over 
M.3.0.  The  capability  exists  for  full  operational 
speed  manoeuvres.  Facilities  urc  flexible  enough 
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to  accommodate  the  complete  propulsion  system 
and  during  simulated  flight  tests,  conditioned  air 
flows  past  a  stationary  model  and  flight 
characteristics  are  measured.  The  airflow  can  be 
distorted  to  simulate  conditions  found  in  actual 
flight  manoeuvres. 

Simulated  flight  facilities  can  offer  reulistic 
flight  environments  for  near  and  mid  fields  of  the 
plume,  however,  the  far  field  plume  is  generally 
perturbed  by  shocks  and/or  flow  disturbances 
from  the  test  section  wails,  Generally,  the 
simulated  flight  facility  is  limited  to  smuil  scale 
vehicles  and  reduced  exhaust  gas  mass  flows. 
Testing  rocket  systems  and  subsystems  under 
simulated  flight  conditions  permits  curly  detection 
of  hardware  problems  and,  through  recordings  and 
analysis,  a  solution  cun  be  found  before 
production  begins.  Equully,  it  allows  the 
qualification  of  systems  for  flight  and  opportuni¬ 
ties  for  diagnosis  where  problems  exist  with 
systems  in  operational  use.  (Fig,  5-17  and  Mg. 
5-18.) 

The  major  advantage  of  testing  tactical 
missiles  under  controlled  simulated  flight 
conditions  Is  the  ability  lo  conduct  extensive 
plume  flowl'icld  and  radiometric  measurements  of 
a  given  phenomenon  lo  acquire  data  lo  validate 
flowl'icld  and  radiative  predictive  codes.  The 
major  disadvantage  is  the  inability  to  acquire  far 
field  data  and  perhaps  that  flight  condition  which 
Identifies  the  onset  or  termination  of  afterburning. 

3, 1.2.4  Flight  Tests 

Might  tests  offer  true  realism  but  they  are 
expensive  and  present  extreme  experimental 
difficulties,  Observations  (measurements)  may  be 
from  fixed  or  mobile  sites.  Instrumentation  may 
be  ground  based  with  cither  fixed  or  (rucking 
mounts,  it  may  be  mounted  on  mobile  curriers 
(such  as  a  tracking  aircraft  or  missile),  or  It  muy 
be  mounted  on  the  lest  vehicle.  Generally, 
limited  Instrumentation  is  available  front  observa¬ 
tion  platforms  to  assist  it,  the  full  cliuruclcrk •nlou 
of  the  plume  signature. 

As  vim  static  measurements  these  tests 


suffer  atmospheric  effects  which  confuse 
measured  quantities,  consequently,  a  need  exists 
to  adequately  monitor  atmospheric  conditions. 
Normally,  atmospheric  temperature,  pressure, 
humidity,  visibility,  composition,  and  wind 
conditions  arc  determined. 

Trajectory  and  range  are  also  of  great 
importance  both  from  the  point  of  determining 
atmospheric  excels  us  well  as  basic  interpretation 
of  results  and  must  be  adequately  addressed. 

3.2  Calculation  Methods 

Any  attempt  lo  model  plume  radiation 
from  rocket  motors  must  rely  upon  the 
construction  of  u  theoretical  plume  in  which 
flowl'icld  properties  arc  structured  so  as  to 
interlace  with  radiation  application  codes.  Many 
such  codes  are  split  into  :• 

(i)  a  thermodynamic  part  (with  Input 
purumeters  such  us  propellant 
composition,  pressure,  temperature, 
expansion  ratio  etc,), 

(il)  u  lluMklil _ tmtl  (with  input 

parameters  such  as  nozzle  exit  plane 

ditUt,  relevant  motor  design  features, 
relevant  chemical  reactions  with 
non-equilibrium  chemistry  solutions, 
turbulence  model,  atmospheric  data, 
altitude  and  velocity,  etc.), 

(ill)  a  radiation  part  (with  input 

parameters  like  output  from  flow 
field  structure,  emitting  chemical 
species,  molecular  hand  model, 
guscous  and  particle  radiation, 
scattering,  quenching,  geometry, 
uspect  angle,  from  which  you  can  to 
a  certain  extent  derive  the  plume 
radiation  properties  within  a  limited 
spectral  and  Intensity  range. 

3.2.1  Plume  Fiuitl  Dynumlcs  of  Tactical 
Missiles 

Calculation  methods  |Hj  [15]  for  plume 
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fluid  dynamics  have  been  established  in  various 
countries  like  the  USA,  Great  Britain  and  France. 
They  all  have  a  similar  approach  to  solving 
problems.  Most  of  the  advanced  codes  arc 
classified.  Here,  as  an  cxumple,  we  describe  in 
more  detail  the  American  Standard  Plume 
Flowfleld  (SPF)  model.  In  Great  Britain  the  code 
being  used  is  called  REP  (Rocket  Exhaust  Plumcl. 

A  starting  point  for  surveying  the  status  of 
plume  flowfield  models  prior  to  year  1964  is 
Chapter  2  of  the  Rocket  Exhaust  Plume 
Technology  Handbook  prepared  for  JANNAF 
(Joint  Army,  Navy,  NASA,  and  Air  Force 
agencies).  At  this  time,  the  "standardized"  US 
plume  model  was  the  Low  Altitude  Parabolic 
Plume  (LAPP)  code  developed  at  the  AcroChcm 
Corporation.  The  LAPP  code  Is  a  balanced 
pressure  farficld  plume  model  that  contains  a 
generalised,  fully  implicit,  chemical  kinetics 
package,  Its  use  Is  restricted  to  engineering 
studies  geared  to  predicting  plume  "observables”, 
and  simplistic  procedures  arc  used  to  "globally" 
represent  the  influence  of  the  ncurficld  structure. 
During  the  period  1975-1976,  un  udvuneed  plume 


model  was  developed  at  General  Applied  Science 
Laboratories  (GASL)  which  solved  the 
viscous/inviscid  nearfield  structure  In  detail  using 
boundary  layer  type  coupling  concepts,  and 
contained  u  two-cquation,  compressibility  cor¬ 
rected  turbulence  model 

Development  of  plume  flowfield  models  is 
an  evolutionary  process  to  include  additional 
physical  phenomena  and  more  efficient  numerics. 
Physical  processes  arc  added  as  they  are  better 
understood  und  us  dictated  to  Improve  the 
uccuracy  of  the  prediction  model.  Numerics  are 
also  changed  to  decrease  computer  run  time  when 
feasible, 

A  JANNAF  program  was  initiated  In  1978 
to  combine  the  features  of  the  GASL  und  LAPP 
codes  which  Is  now  known  us  JANNAF 
"Standardized  glume  glowfleld"  (SPF)  model.  The 
current  version  is  SPFIII.  it  Is  the  primary  tool  in 
the  US  to  analyse  tactical  missiles  exhaust  plumes. 
The  modulur  structure  und  computational 
techniques  used  in  the  basic  SPF  arc  given  in  the 
following  Block  Schematic. 
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Versions  of  the  JANNAF  SPF 

The  JANNAF  SPF  is  a  computer  code 
comprising  a  unified  series  of  "modules"  which 
provide  for  integrations  of  the  How  equations  in 
various  flow  regions,  the  inclusion  of  generalised 
chemical  kinetics,  two-phase  flow  interactions  and 
various  turbulence  models,  and  the  specialised 
procedures  for  interfacing  with  the  external  flow 
and  treating  embedded  subsonic  /.ones  behind 
Mach  discs. 

SPF  Models 

The  SPF  model  Is  built  upon  two  principal 
components.  One  is  a  shock-capturing  in  viscid 
plume  model  (entitled  SCIPPY)  and  the  other,  a 
turbulent  inixlng/aftcrburning  modei  (entitled 
BOAT).  In  the  plume  ncurfield,  an  overlaid 
procedure  is  utilized  to  couple  the  viscous  shear 
layer  und  inviscid  plume  solutions;  in  the  farflcld, 
a  constant  pressure  mixing  solution  is  utilized. 
The  Mach  disc  problem  Is  treated  Invlsciclly  using 
a  sting-approximation  for  small  discs  und  thu 
Abbett  procedure  for  larger  discs. 

SPF  is  limited  to  the  analysis  of  single 
phase  exhausts  hut  can  treut  two-phase  exhausts 
In  the  equilibrated  mixture  limit. 

Originally,  SCIPPY  and  BOAT  served  us 
the  principal  components,  extended  to  Incorporate 
two-phase  non-equilibrium  effects.  In  particular, 
the  two-phase  How  version  of  SCIPPY  uses 
numerical  techniques,  while  llic  two-phuse  version 
of  BOAT  utilizes  a  particulate  turbulence  model 
formulation. 

Subsequently,  plume  modification  tech¬ 
niques  were  incorporated  to  solve  thu  concurrent 
viscous/  inviscid  processes  occurring  in  streamline 
displacement  effects  on  the  pressure  field,  This 
approach  Is  implemented  within  the  confines  of 
the  two-step  overlaid  method  via  extensions  to 
only  the  shock-capturing  SCIPPY  model  which 
permits  PNS  spatial  matching  through  this  region 
(l.e.,  the  extended  version  of  SCIPPY  calculates 
the  Inviscid  nearl'lcld  structure  and  the  coupled 
Mach  disc  mixing  region  in  a  one  pass  mode  of 


operation).  With  this  added  capability,  the 
"Inviscid"  flow  map  accounts  for  the  strongly 
interactive  effects  of  the  Mach  disc  mixing  region 
on  the  outer  inviscid  structure  (i.e.,  the  position  of 
llic  inviscid  plume  slipstream  is  altered  by  the 
Mach  disc  mixing  process,  etc.).  It  also  contains 
the  detailed  structure  of  the  viscous/lnviscid  flow 
in  the  Mach  disc  mixing  region,  including  the 
turbulence  properties  needed  to  properly  merge 
the  plume  and  Mach  disc  mixing  layers. 

The  SPF  analysis  of  a  two-phase  plume 
requires  the  stipulation  of  nozzle  exit  plane 
conditions  to  initialize  the  calculation,  based  on  a 
comparable  treatment  of  non-equilibrium  proc¬ 
esses  in  the  nozzle.  A  standardized  code  to 
provide  such  u  nozzle  solution  is  currently  not 
available,  Modifications  are  being  Incorporated 
Into  the  latest  version  of  SPF  that  deal  with  the 
strongly  interactive  phenomena  associated  with 
plume/missile  airframe  interactions  and  the  fully 
viscous  transitional  region  of  the  plume.  The 
formerly  utilized  overlaid  coupling  procedure  thus 
becomes  inadequate  und  purabolized  Navier- 
Stokes  methodology  Is  required.  The  latcsl  SPF 
model  Is  being  developed  to  provide  ihcso  types  of 
strongly  Interactive  capabilities  |17|. 

5.2.2  Listing  of  Nutlonul  Codes 

Outline  detuils  of  these  codes  can  be  found 
In  Appendix  3, 

5.2.3  Validation  of  Plume  Radiation  Calcula¬ 
tions  l>y  Experiment 

Vulidutlon  exists  for  the  Infrared  and 
visible  regions.  In  muny  instances  with  sensible 
agreement  taking  into  account  the  limitations  of 
measurement  conditions  like  altitude,  range  of 
motor  size  or  simplified  propellant  constituents. 
In  certain  circumstances  not  enough  parameters 
can  be  Incorporated  into  the  uleulallon  methods 
to  yield  global  emission  characteristics. 

The  Infrared  region  1 .5/ztn  to  3/tm  is 
mainly  concerned  with  water  bunds,  these  are 
strong  emitters  Init  radiation  sulTers  from  heavy 
absorption  through  the  atmosphere  and  detection 
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ranges  are  short  consequently  little  interest  is 
shown  in  this  waveband. 

Much  interest  has  focused  on  “CO-,  blue 
spike'  radiation  a  common  feature  in  rocket 
exhausts.  It  occurs  in  the  very  narrow  spectral 
band  of  4.17/rm  to  4.19/rm,  has  good  atmospheric 
transmission  properties  and  lends  itself  to  easy 
selection  because  of  its  narrow  profile. 
Background  and  other  spectral  interference  can  he 
minimised  by  the  use  of  narrow  band  optical 
filters.  LIne-by-llne  methods  for  modelling  the 
blue  spike  have  produced  absolute  spcclrul  rati  lam 
intensities  that  agree  to  within  about  20%  of 
measured  values. 

Emissions  In  the  4,2/nn  to  5/im  region 
come  largely  from  C'O-j  asymmetric  stretch 
vibrations  with  contributions  from  CO  and  some 
N2O.  They  form  what  is  termed  the  "red  wing", 
Because  a  great  number  of  Individual  rotational 
lines  contribute  to  the  radiation,  the  theoretlcul 
concept  is  to  divide  the  spectral  base  Into  u 
number  of  bands  eacli  overlaying  a  number  of 
rotutionul  lines.  Eacli  molecule  in  each  bund  Is 
given  parameters  describing  effective  strength  and 
shape  and  these  quantities  go  to  form  the 
emission  speetrum.  As  might  he  expected  this 
calculation  method  is  known  us  u  "Imml  imxlcl" 
and  can  equally  he  uppllcd  to  the  1.5/tm  to  3/im 
spectral  region, 

Band  model  predictions  have  been 
compared  with  experiments  made  user  a  wide 
range  of  circumstances  resulting  in  u  mixture  of 
ugrcctncnl.  It  has  been  argued  that  the 
uncertainty  in  absolute  spectral  radiant  intensity 
given  hy  predictions  Is  typically  a  factor  of  2 
although  this  vurles  up  or  down  with  the 
complexity  of  modelling  circumstances. 

Propellunt  metal  impurities  such  as  sodium 
and  potassium,  catalyst  metals,  ballistic  modifiers 
and  others  form  a  ready  source  of  atoms  from 
which  visible  radiation  can  take  place.  Line 
emissions  from  the  first  resonance  doublet  of 
sodium  and  potussium  atoms  are  prominent  in 
afterburning  rocket  exhausts.  Tor  these  and  other 
line  emissions  a  line  by-line  prediction  model  Is 


adopted  for  the  calculation  of  spectral  radiant 
intensities,  Lerenu  and  Doppler  broadening 
occurs  and  a  Voiqht  profile  is  commonly  used  to 
describe  I.  ;  shapes.  Allhough  good  agreement  is 
sometimes  achieved,  it  is  considered  that 
uncertainties  in  the  plume  flowficld  structure  and 
the  radiation  model,  particularly  collision 
broadening  parameters,  can  justify  no  better 
uncertainty  factor  than  5  in  absolute  radiant 
intensity. 

Theoretical  plume  flowficld  models  have 
not  been  directly  validated  due  to  the  difficulties 
in  measuring  the  relevant  plume  properties,  l.e, 
spatial  distributions  of  temperature,  pressure  and 
concentrations  of  chemical  species  etc.  Laser 
diagnostic  techniques  ure  showing  promise  In  this 
field  of  work,  particularly  since  the  laser  bcum 
does  not  disturb  the  medium  under  investigation. 
Some  examples  of  validation  of  theory  by 
experiment  arc  given  In  Figures  5-19  and  5-20, 

5.2.4  Limitations  of  Computer  Codes 

Limiting  factors  ure  :• 

(I)  luck  of  optical  property  data  to 

adequately  describe  particles  and 
radiating  gases 

(il)  lack  of  codes  to  handle  base  How 

and  a  inadequacy  showing  the 
uncertainties  of  turbulent  chemical 
Interaction  models 

(lii)  cessation  of  afterburning  especially 

at  high  altitudes 

(Iv)  Incomplete  treatment  of  particle 

multiple  scattering 

(v)  the  use  of  simplified  assumptions 

such  us  steady  state  conditions  only, 
simple  geometries,  no  compression 
/ones  with  perpendicular  collision*. 

5.3  Discussion  of  Flume  Influencing  Aspects 

Afiei  bm  nine  Is  u  major  plume  effect,  The 
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nozzle  area  ratio  i.s  ail  important  factor  in  the 
prevention  of  afterburning  especially  when 
considering  radiation  in  the  UV  spectral  region. 
Base  flow  recirculation  affects  afterburning,  in 
many  instances  anchoring  the  flame  to  the  base 
region.  Contributions  to  plume  radiation  arc 
strongly  affected  by  propellant  formulation,  high 
metallic  content  produces  a  high  continuum 
radiation  in  addition  to  gaseous  emissions. 
Particle  optical  properties  arc  very  important, 
especially  in  areas  where  there  arc  no  molecular 
spectra.  They  also  influence  scattering  losses  and 
the  "searchlight  effect". 

Uncoupling  turbulence-chemistry  interac¬ 
tions  in  sicady-stutc  plume  models  may  have  a 
significant  effect  on  the  predicted  radiation 
observed  from  all  angles  of  view,  especially  those 
far  from  broadside. 

Free-free  electron  emission  (Krcinsstralt- 
lung)  is  probably  the  dominant  mechanism  for 
inllllmetrie  emissions. 

Flame  suppression  in  the  exhaust  brings 
about  a  marked  reduction  in  infrared  emission, 
for  instuuco,  it  hus  been  found  to  reduce  the  Red 
Wing  (4,4/nn  to  S.O/tm)  by  more  than  an  order  of 
magnitude. 

Conditions  favouring  flame  suppression 

are  :- 

(I)  Low  exit  plane  temperatures 

(II)  Low  concentrations  of  plume  par¬ 
ticulates 

(iii)  Nozzle  imperfections  (any  step  or 
burr  increasing  turbulence; 

(lv)  Choice  of  propellant  and  suppres¬ 
sant 

Pimm:  suppression  can  he  assisted  by  the 
introduction  of  additives  into  certain  propellants 
to  accelerate  removal  of  flame  radicals  II  amt  Oil. 
An  example  of  the  affect  of  plume  suppression  is 
given  for  a  double  base  propellant  in  Figures  5-21 


to  5-23  where  die  main  sources  of  IR  radiation 
are  molecular  hand  radiation  such  as  COj  and  H2 
(CO  is  also  important  if  the  exhaust  is 
suppressed).  Figure  5-21  shows  a  dramatic  fall  in 
plume  temperature  for  tile  flame  suppressed  case. 
This  drop  in  temperature  is  accompanied  by 
reduced  levels  of  CO,  and  CO  emissions  as 
indicated  in  Figure  5-22  and  again  the  presence  or 
recirculation  in  Figure  5-23.  Some  continuum 
Infrared  radiation  may  arise  from  condensed 
particles  such  us  ballistic  modifiers  or  igniter 
products.  The  latter  produce  radiation  over  a 
wide  range  of  both  visible  and  infrared 
wavelengths'  while  the  former  gives  rise  to 
characteristic  emissions  in  specific  wuvobunds. 
Rami  radiation  from  11,0  and  COt  at  wavelengths 
1.5/un  to  3.();nn  and  4.0/nn  to  5,0/zin  are 
important  in  the  context  of  detection, 

■Spuiial  distributions  of  broad-hand  infrared 
radiation  base  been  computed  by  the  so-called 
' Heai  ly-weakiiearly-stmug"  hand  model  for  an 
exhaust  plume  In  which  recirculation  was 
expected  to  he  Important.  Figure  5-23  presents 
predicted  anti  measured  station  radiations 
(obtained  by  integrating  the  radiation  across  a 
vertical  diameter  of  the  exhaust  and  referred  to  u 
specified  axial  increment)  in  the  waveband  4.3  /ain 
lu  4.7  /mi  from  CO,  and  CO.  Calculated  absolute 
spectral  radiant  Intensities  for  a  given  exhaust, 
viewed  as  a  whole,  may  have  an  uncertainly 
factor  of  about  2  The  predictions  underline  the 
significance  of  including  an  analysis  of 
h.isc-roeireulaliuu  in  calculations  when  relevant, 

4  RECOMMENDATIONS 

4.1  (Jcuenil 

Knowledge  of  rocket  plume  radiation 
properties  is  important  in  the  context  of  guidunee, 
tracking  ami  detection.  Il  is  expensive  und  often 
difficult  to  measure  these  radiation  properties  and 
to  determine  (licit  dependence  on  operational 
parameters  like  missile  forward  velocity,  range, 
altitude  and  aspect  angle  II  is  even  more 
difficult  to  acquire  ibis  information  about  rocket 
motors  of  an  adversary.  To  ensure  guidance 
system  integrity,  to  avoid  interference  with 
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friendly  radiation  sensors  and  to  deny  an 
adversary  detection  opportunities,  the  rocket 
plume  and  its  properties  must  he  icgarded  as  an 
integral  part  i  f  the  missile  system  and.  where 
possible  "tailored"  to  meet  operational  needs. 

Systems  assessment  teams  may  typically 
seek  to  know  whether  a  Dare  need  he  attached  to 
a  missile  as  a  tracking  aid.  or  whether  radiation 
from  the  exhausts  of  hostile  missiles  arc  likely  to 
be  of  a  magnitude  permitting  early  detection,  or 
whether  emissions  from  the  exhausts  of  a  friendly 
missile  will  render  it  vulnerable  to  enemy 
countermeasures.  Such  questions  can  best  he 
addressed  by  involvement  in  plume  studies  at  the 
time  of  system  feasibility  and  design,  at  a  stage 
when  accurate  predictions  ;\re  paramount  ami 
when  validatory  experimental  rocket  firings  can 
be  performed. 

The  countermeasures  engineer,  with  a 
different  viewpoint  to  that  of  the  missile  engineer, 
will  nevertheless  see  the  need  for  a  similar 
approach  in  his  efforts  to  combat  an  intruder.  He 
will  f:ad  it  important  to  establish  spatial  and 
opoctral  distributions  of  radiated  energy  with 
instruments  having  good  sensitivity  and  high 
spectral  and  spatial  resolution  to  unambiguously 
identify  missiles  and  minimise  false  alarm  rales. 

The  following  recommendations  comprise  a 
procedure  for  assessing  rocket  plume  radiation 
that  will  enable  uniform  application  of  technology 
to 

(i)  set  quantitative  technical  require¬ 
ments  on  rocket  motor  signature. 

(ii)  compare  rocket  motors 

(iii)  recommend  a  terminology  related  to 
plume  radiation  based  on  quantita¬ 
tive  rriu  ria. 

4.2  Recommended  Test  -  Prediction  Proce¬ 
dure 

In  trying  to  propose  a  standardised  test 
technique  for  the  assessment  of  plume  radiation 


properties  a  general  outline  is  given  here.  Its 
feasibility  depends  to  a  large  exunt  on  the 
availability  of  necessary  measuring  devices  and 
instrumentation,  rocket  motors  and  prediction 
codes.  The  logic  behind  the  assessment  process  is 
as  follows  :- 

(i)  Define  the  objective^)  and  require¬ 
ments. 

(ii)  Define  the  needed  data  base  and  the 
experimental  approach  to  ensure 
that  objectives  are  accomplished. 

(iii)  Set  up  and  calibrate  equipment. 

(iv)  Run  most  appropriate  test  to 
acquire  data  base. 

(v)  Run  neecssury/uvailablc  plume  and 
radiation  codes  to  mutch  acquired 
Oulu  bus.. 

(vi)  Use  measured  resu.ts  Tor  theortf'ral 
model  validation. 

(vil)  Use  validated  plume  and  radiation 
codes  to  predict  plume  properties  at 
conditions  appropriate  to  the  de¬ 
fined  objective. 

(viii)  Present  results.  Mating  all  assump¬ 

tions  and  code  modifications  and 
using  standard  terminology  and 
units 

The  following  eight  steps  enlarge  on  these 

concepts  :- 

Step  I  :-  Clear  definition  of  objectives  and  the 
requirements  to  meet  those  objectives  may  be  the 
most  difficult  part  of  a  programme  to  conduct 
successfully.  The  objectives  might  read  :• 

(I)  detect,  identify,  track  and  destroy  a 

target 

(ii)  detect,  identify  a  missile  threat  and 
counter  with  evasive  action 
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(Mi) 

assess  the  feasibility  of  guidance 
and  tracking  methods 

(iv) 

develop  a  threat  countermeasure 

(v) 

acquire  phenomenology  data  for 
code  validation 

(vl) 

influence  motor  design  with  signa¬ 
ture  control  proposal 

At  this  stage  it  is  important  to  define  the 
system  and  the  sp  xtra)  regions  in  which  it  is  to 
function.  If,  for  instance,  a  detection  system  is 
called  for,  then  specific  detail.,  of  sensor 

wavelength,  bandwidth,  resolution,  limiting  noise 
level  and  environmental  details  that  effect  signal 
transmission  and  distortion  must  lie  considered. 
There  should  be  no  compromise  a;  this  slip,  it  is 
the  least  expensive  to  perform  and  sinus*  topics 
overlooked  vt  this  pomi  may  remain  overlutkcii  to 
the  detriment  of  the  system  or  he  costly  •»-. 
introduce  later  in  the  programme.  It  is  belli!"  a*ul 
more  cost  elective  to  include  tasks  of  potential 
value  in  the  definition  stage  even  if,  for  whatever 
reason,  they  subsequently  become  redundant. 

Step  2  :•  Defining  the  inf -. miration  needed  lor  a 
priject  data  base  and  ihe  measurements  required 
to  obtain  that  information  usually  calls  lor  a 
compromise  dictate  '  Sv  available  funding  Within 
financial  constrain  .,e  objectives  in  Sup  i  are 
assessed  and  the  requirements  and  limits  set  ( ha- 
obvious  compromise  comes  in  the  choice  between 
flight  tests  and  those  undertaken  in  dedicated 
grotmd  facilities  where  it  is  possible  to  use  scaled, 
heavyweight  test  motors  with  reusable  hardware. 
Use  or  the  wind  tunnel,  altitude  chamber  or  static 
test  site  combined  with  standard  measuring 
instrumentation  will  often  satisfy  most,  if  not  ali, 
of  the  data  hasc  requirements.  Rocket  motor 
experiments  involve  many  technical  stall'  and  it  is 
vital  that  lest  procedures  are  thoroughly 
documented  and  Ihe  staff  cogni/anl  of  the  data 
gathering  process. 

The  prospect  of  meeting  an  objective  is 
advanced  by  the  prudent  use  of  theoretical 
prediction'  and  experiment.  Theoretical  studies 


may  play  a  part  in  planning  the  course  or  an 
experimental  programme.  Before  embarking  on 
such  a  programme  several  questions  are  posed, 
not  least  among  them  is  whether  au  experiment 
can  K-  mounted  that  will  directly  or  indirectly 
provide  the  data  to  satisfy  the  objective.  The 
answer  will  de|icncl  upon  the  existence  of  Vest 
vehicles,  test  firing  facilities  and  the  correct 
diagnostic  instrumentation.  Test  vehicles  are 
generally  available  for  ground  or  flight  tests. 
However,  should  the  missile  of  an  adversary  be 
under  investigation  then  the  supply  of  a  test 
’dele  is  improbable.  In  such  a  case  calculations 
arc  made  rising  whatever  data  .s  available  and 
rare  experimental  firings  would  only  be  those  to 
study  the  phenomena  for  prediction  validation 
purposes.  The  choice  if  test  facility,  whether  it 
i>c  -  .aiv.  sea-level,  an  altitude  chamber  or  wind 
tunnel  dc|  ends  upon  the  simulation  desired.  The 
advantage’s  and  disadvantages  of  cuch  were 
considered  in  Section  5.1.2  Test  Techniques'. 
Obviously  u  well  conceived  and  controlled  flight 
trial  Is  preferable  hut  the  advantages  are  weighed 
down  by  cos's  which  prohibit  their  use  to  other 
ihan  filial  validation  of  the  overall  programme. 

The  selection  of  diagnostic  instrumentation 
is  governed  by  the  radiation  properties  to  be 
measured,  focusing  on  spectral  wavelength  range, 
radiance  level,  spectral,  spatial  and  temporal 
resolution  and  sensor  sensitivity  and  speed.  Flow 
charts  arc  presented  as  guidelines  in  Figures  5-24 
to  5-2(>,  Types  of  optical  detectors  arc  shown  in 
rigur>'  5-24.  Radiometric  measurements  ure 
presented  in  Figure  5-25  followed  hy  a  typical 
radiometric  measurement  system  in  Figure  5-26. 
To  avoid  later  problems  it  is  important  to  ensure 
that  die  instrumentation  selected  is  well  able  lo 
met l  all  the  measurement  demands  and  that  it  is 
backed  by  a  l  ull  data  analysis  capability. 

Step  5  :•  The  importance  of  accurate  calibration, 
as  indicated  by  Figure  5-27,  cannot  be 
overemphasised.  Measurements  can  be  compli¬ 
cated  or  invalidated  by  atmospheric  absorption  or 
extinction,  obscuration  by  smoke,  impractical  or 
impossible  sensor  positioning  and  carelessness  in 
ignoring  background  signature  cITecls.  It  is  a 
valuable  exercise  lo  rehearse  the  entire  test 
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procedure  to  identify  and  eliminate  any  the  radiation  and  the  atmospheric  signal 

interference  between  instruments  or  power  attenuation.  II'  measurements  arc  made  in  a  wind 

circuits  (hat  might  cause  a  later  test  failure.  tunnel  or  on  a  missile  plume  in  flight,  the 

appropriate  frce-streani  How  conditions  must  be 
Step  4  The  way  in  which  the  experiment  is  known, 
conducted  (Section  3.1)  is  a  critical  factor  in  the 

acquisition  of  good  data.  Details  of  motor  Predictions  or  rocket  exhaust  properties 

performance,  its  environmental  test  conditions  generally  follow  the  stages  indicated  in  Figure 

such  as  Mach  number,  altitude  and  trajectory  ;  5-28.  First  an  equilibrium  chemistry  code  is  used 

the  deployment  of  instrumentation  giving  aspect  lo  calculate  chamber  conditions  and  the 

angles,  atmospheric  transmission  path,  fields  of  temperamre,  pressure  and  equilibrium  chemical 

view  and  the  like,  all  contribute  essential  speeies  concentrations  at  the  nozzle  throat, 

information  for  analysis  and  project  assessment.  Nio/./Je  expansion  flow  calculations  may  be  made 

Radiometric  requirements  were  discussed  in  in  a  number  of  ways  ranging  from  one- 

Section  3.1.1.  Where  similar  instruments  are  used  dimensional  chemical  equilibrium,  to  three- 

they  should  show  a  consistency  of  measurement  dimensional  multi-phase  flow  witlt  chemical 

and  all  instruments  should  have  a  specified  kinetics.  The  exhaust  structure  for  stutic  motor 

accuracy.  Error  limits  should  be  assigned  to  all  firings  can  usually  he  well  simulated  by  a  finite 

data  sets  recorded  and  assumptions,  where  made,  difference  marching  program  (such  as  REP  or 

documented.  If  the  preceding  steps  have  been  SPF)  which  gives  spatial  distributions  of 

properly  observed  the  measurement  programme  non-equilibrium  chemical  species,  temperature, 

should  be  successful.  To  mitigute  the  effects  of  velocity,  pressure,  mid  turbulent  mixing  hased  on 

any  equipment  failure  during  a  test  firing  it  may  limited  assumptions.  For  wind  tunnel  and  flight 

be  possible  to  duplicate  some  essential  measure-  plumes,  base  recirculation  or  separated  flow 

menls.  Instruments  should  be  sited  to  guard  effects  with  non-equilibrium  chemistry  may  have 

against  acoustic  and  ground-borne  vibration,  to  be  included  lo  obtain  more  accurate 

equally  they  should  be  protected  from  the  calculations  of  plume  structure.  Thu  appropriate 

possibility  of  rocket  motor  failure.  applications  code(s)  arc  then  applied  to  the 

calculated  llowflcUl  using  the  test  geometry  and 
Step  3  :-  The  purpose  of  this  step  is  to  formulate  applicable  transmission  path  effects  to  obtain  the 

techniques  for  calculating  plume  radiation  results  that  may  be  compared  with  the  measured 

signatures  against  test  data  obtained  from  the  data  base, 

foregoing  steps.  To  compare  calculated  levels  of 

plume  radiation  with  meusured  lest  results  the  Step  0  :-  Comparison  between  calculated  und 

paiameters  pertaining  lo  the  lest  conditions  must  measured  values  often  yields  discrepancies.  In 

be  used  as  input  data  for  calculations.  The  this  step  appropriate,  judicious  adjustments  to  the 

measure  of  agreement  coming  front  these  calculations  are  made  within  underlying  scientific 

comparisons  will  determine  the  confidence  placed  bounds  to  give  closer  agreement  with  measured 

on  the  calculations  for  use  where  measurements  values.  For  instance,  if  the  near  field  radiation 

arc  not  possible.  includes  a  searchlight  effect,  the  measured  plume 

continuum  radiation  will  be  larger  than  that 
A  plume  flowficld  should  be  calculated  for  predicted  by  a  code  ignoring  such  effects.  The 

the  conditions  under  which  the  actual  test  took  demands  of  prediction  accuracy  may  require 

piacc,  observing  the  precise  propellant  composition  modification  of  the  code  to  accommodate  this 

witii  trace  metal  impurities  und  motor  design  feature.  Alternatively,  disagreement  between  data 

features  affecting  gas  flow.  Radiation  codes  and  prediction  may  be  caused  by  different 

should  reflect  sensor  wavelengths  together  with  phenomena,  An  Impurity  in  the  propellant,  such 

their  deployment  positions  and  plume  viewing  as  sodium,  may  produce  strong  emissions  In  the 

aspect  angles,  the  spatial  and  temporal  nature  of  visible  spectrum  that  arc  not  predicted  by  the 
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code.  This  may  be  Ihc  result  of  excluding  sodium 
reactions  from  the  plume  flowficld  calculations  or 
nn  inability  of  the  radiation  code  to  predict  these 
line  emissions. 

A  prediction  technique  is  strengthened  if  it 
can  be  confirmed  against  a  range  of  conditions, 
including  flight.  Although  these  conditions  may 
not  completely  match  those  for  the  systems  of 
interest  (e,g.  a  different  motor)  die  validation 
process  increases  confidence  in  the  calculation, 
putting  it  on  a  much  broader  base. 

Step  7  :•  This  is  the  step  where  plume  flowficld 
and  application  codes  arc  run  for  the  oiscrutionul 
conditions  of  interest.  Predicted  values  of  plume 
signature  and  other  effects  yield  information  from 
which  decisions  about  system  design,  tactics  and 
other  system-level  parameters  may  in;  made. 
Depending  upon  the  codes  used  for  (lie  specific 
test  and  operational  conditions,  improvements  can 
be  achieved  when  :- 

(i)  allowance  Is  made  for  radial 

pressure  gradients. 

(li)  non-equilibrium  two- phase  flow 

(thermul  and  velocity  lags  of 
condensed  particles)  is  Included. 

(iii)  “base  flow  effects"  arc  included,  i.e, 
when  a  flight  missile  has  a  base 
diameter  significantly  greater  man 
the  nozzle  exit  diameter. 

(iv)  shock  structure  effects  urc  treated 

If,  Tor  Instance,  the  missile  lias  a  large  base 

diameter  which  could  induce  base  flow 
recirculation  and  afterburning,  u  code  without  a 
baseflow  model  would  not  be  applicable,  equally, 
inappropriate  choice  of  chemical  mechanisms  can 
produce  false  plume  properties  resulting  in 
incorrect  emission  data.  It  Is  essential  that  the 
thermodynamic,  chemical  and  physical  attributes 
of  the  plume  modelled  by  the  code,  the  model 
limitations  and  the  necessity  Tor  enlightened  use 
of  input  data  should  he  thoroughly  understood  if 
accurate  analytical  assessment  is  to  be  performed. 


After  proper  validation  the  code  can  be  applied  to 
meet  the  overall  system  objectives. 

Step  8  With  the  continued  advance  of 
computer  use  in  experiments  and  modelling  the 
analysis  of  results  becomes  more  "machine 
dependent"  and  the  user  faces  the  problems  of 
incompatibility  of  operating  systems  for  informa¬ 
tion  exchange  und  languages  used  to  describe  the 
information. 

Suggested  data  to  characterise  a  plume 
signature  arc  ;• 

(I)  Spectral  radiance  vs  wavelength 
(spectrometers)  and  versus  time 

(li)  lu-hund  radiance  vs  time 
(radiometers) 

(HI)  Radiant  intensity  vs  time 

Other  types  ol  uata  presentation  helpful  In 
evaluating  the  signature  are  :• 

(i)  Video  tapes  from  imaging  sensors 
which  provide  a  "raise  colour"  image 
of  iu-hund  radiance  versus  position. 
Their  use  Is  for  subsequent  analysis 
of  spatial  fluctuations,  spectral 
irrudiunee,  shape  and  geometry  of 
the  radiating  plume  (Isoradiance 
contours).  In-hand  radiance  plume 
radial  and/or  axial  profiles  within 
the  image  field  allow  the  assessment 
of  radial  symmetry,  axial  decay  etc. 
A  properly  calibrated  video  tape  can 
be  examined  pixel  by  pixel  to  obtain 
information  about  the  temporal  And 
spatial  distribution  ol  "in-band" 
radiance  imm  the  plume. 

(li)  Power  spectral  density  plots  which 

may  he  performed  on  the  radiomet¬ 
ric  data  to  determine  plume 
frequencies, 

(iii)  Radiant  intensity  vs  time  for 

variations  in  Much  numbers,  alii- 
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tudc,  clc. 

An  experienced  approach  to  data  reduction 
is  necessary  to  ensure  that  proper  interpretations 
arc  made  for  code  validation  and  the  provision  of 
sufficient  information  for  their  modification.  Of 
primary  importance  is  the  correct  duta  for 
atmospheric  absorption  as  discussed  in  Section  3. 

TABLE,  5.7 

TERMINOLOGY  OF  INFRARED  SPECTROMETRY  AND  RADIOMETRY 


Symbol 

Term 

Units 

0 

radiant  power 
power 

rate  of  transfer  of  radiant  energy 

W 

*(A) 

spectral 
radium  power 

rule  of  transfer  of  radiant  energy  per  unit 
wavelength  interval  centred  at  wavelength  A 

W/im*1 

I 

rudiunt 

intensity 

radiant  power  emitted  by  a  source  into  a  unit 
solid  angle 

Wsr' 1 

KA) 

spectral 

radiant 

intensity 

radiunt  Intensity  per  unit  wavelength  Interval 
centred  at  wavelength  A 

Wsr*1  Am’1 

L 

radiance 

radiunt  power  emitted  by  unit  urea  of  a 
source  into  a  unit  solid  unglc 

Wm'V1 

L(A) 

spectral 

radiance 

rudiuncc  per  unit  wavelength  interval 
centred  at  wavelength  A 

Wm"^sr'l/mf 1 

E 

irradiuncc 

radiant  power  incident  upon  unit  urcu  of  a 

Wm'2 

E(A) 

spectral 

irradiuncc 

irradiuncc  per  unit  wavelength  interval 
centred  at  wavelength  A 

Wm’2am* 

RP 

radiant  power 
responsivity 

the  output  of  an  instrument  for  unit  radiant 
power  input 

instrument 
units  W*1 

Rp(A) 

spectral 
radiant  power 
responsivity 

radiant  power  responsivity  per  unit 

Interval  centred  at  wavelength  A 

Instrument 
units  W'W1 

Documentation  of  records  should  be 
comprehensive  such  that  there  will  be  no  need  to 
repeat  the  work  should  future  interest  arise. 
Terminology  should  follow  the  accepted  standards 
given  in  this  report  and  universal  Si-units,  as 
defined  in  Table  5.7,  should  he  used. 


Notes  1  The  output  signal  of  radiometers  and  spectrometers  is  the  output  voltage  of  the  instrument 
detector/prc-amplifier  combination  modifier!  by  subsequent  electronic  and  mathematical 
signal  conditioning.  When  used  in  evaluating  R|(  und  R  ,(A)  it  is  usually  referred  to  as  a 
standard  gain  configuration  of  any  variable  gain  amplifiers. 
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Pig.  5-3  CO  +  O  Chemiluminescent  Intensity  Spectra 

The  points  with  indicated  error  bars  as  well  as  the  solid  line  ore 
the  absolute  intensity  measurements  of  Myers  and  Bartle.  The 
other  two  curves  were  normalized  to  the  peak  intensity  of  the 
Myers  and  Bartle  curve. 
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Fig.  5-4  Nearfield  Viscous  Inviscid  Structure  of  Under  Expanded  Plume  at 
Supersonic  Flight  Conditions 


Fig.  S-5  Temperature  Contours  in  Farfield  of  Energetic  Tactical  Missile 
Exhaust  Plume 


WtvalMf  th  Ora) 

Pig.  5-7  Bminivity  of  Alumina  Particle*  as  a  Functica  of  Wavelength  for 
Selected  Values  of  Particle  Rudius  and  Temperature.  Error  Bars 
are  for  the  Pure  Alumina  Measurements 


Optical  Radiation 
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Wavelength  (nm) 

Fig.  5-9  Wavelength  Distributions  of  Sodium  Resonance-Line  Emission 
Intensities  for  Unsuppressed  and  Suppressed  Secondary 
Combustion  Conditions 


Wavelength  (urn) 


Fig.  5-10  Plume  Radiance  Calculation  Performed  with  Parameters  of 
Table  6 


Flowfidd  Shock 


Sd  includes  the  emitted  and  scattered  term 
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Fig.  5-14  Spectral  Ranges  of  Applicability 
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Fig.  5-1 S 
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Fig.  5-19  ISO-Radiance  Contours  for  a  Composite  Propellant  Rocket  Motor 
Exhaust 


Fig.  5-20  Spectral  Irradiance  at  700m  Range,  25*  Aspect  for  a  Composite 
Propellant  Rocket  Motor  Exhaust 
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Fig.  5-21  Axial  Temperature  Profile!  Predicted  for  Uniuppreaaed  and 
Suppreaaed  Secondary  Combuition  in  Exhaust  of  Double  Base 
Propellant  Rocket  Motor.  Static  Sea-Level  Conditions 
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AXIAL  DISTANCE  (NOZZLE  EXIT  RADII) 


Pig.  5-22  Variation  of  Relative  Radiation  Emissions  from  CO  in  the 
Infrared  Waveband  4.1am  to  4.9am  with  Axial  Distance  for 
Unauppreased  and  Suppressed  Secondary  Combustion  Conditions 


RADIATION  (RELATIVE  UNITS) 
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Pig.  5-23  Infrared  Station  Radiation  Distributions  from  C02  and  CO  in  the 
Waveband  4.3pm  to  4.7pm 

Comparisons  between  Predictions  (with  and  without  Recirculation 
included  in  Calculations)  and  Data 


DETECTORS 
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Fig.  5-24  Selection  Guide  for  Optical  Detectors 
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Fig.  5-25  Ways  to  Perform  Radiometric  Measurements 
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Fig.  5-26  Schematic  Diagram  for  a  Radiometric  System 
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Calculate  the  Instrument  Response 
(e.g.,  for  a  radiance  calibration) ' 


L-2  (calculated)  —  L,  (calculated) 
V2  (meaaured)  —  V,  (measured) 


Fig.  5-27  Proposed  Calibration  Procedure 
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Input/Result 


Sequence  of  Prediction*  of  Rocket  Exhaust  Properties 


Pig.  5-28  Typical  Prediction  Procedure 
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1.0  INTRODUCTION 

The  rocket  exhaust  is  a  hot  and  highly 
turbulent  gas  jet.  It  possrssses  electrical  properties 
that  have  serious  implications  for  the  missile 
design  engineer  employing  microwave  communi¬ 
cation  systems.  Guidance  and  tracking  can  be 
heavily  degraded  as  a  result  of  Interference  from 
the  plume  while  the  scattering  of  radar  signals 
and  the  emission  of  microwaves  (particularly  at 
millimetric  wavelengths)  may  offer  the 
opportunity  of  detection  by  an  adversary. 

“Microwave"  is  a  generic  term  used  broadly 
to  describe  the  ccntimctric  region  of  wavelengths, 
for  the  purpose  of  this  chapter  it  will  include  that 
part  of  the  millimetric  range  as  outlined  in  the 
next  paragraph. 

As  u  guideline,  operating  frequencies  of 
tactical  missile  systems  typically  full  in  the  range 
30Hz  to  120GHz.  That  Is  not  to  say  that 
frequencies  outside  this  range  are  excluded. 
Equipment  that  Is  small  and  light  has  obvious 
attractions  for  flight  applications  and  where  light 
vehicle  and  nmn-portuble  devices  are  used. 
Perhups  more  important,  llie  shorter  wavelengths 
offer  narrow,  well  defined  beam  properties  am! 
low  side  lobe  intensity  favouring  good  resolution, 
reduced  interference  and  Improved  stealth. 

2.0  PLUME  MICROWAVE  PROPERTIES 

2.1  Attenuation  (absorption) 

High  velocity,  fuel  rich  gases  ejected  from 
the  nozzle  of  a  rocket  motor  mix  with  oxygen 
entrained  from  the  surrounding  atmosphere 
producing  conditions  that  can  cause  the  onset  of 
exhaust  combustion,  often  referred  to  as 
"secondary  combustion"  or  "afterburning  .  Should 
this  occur,  a  rapid  rise  in  exhaust  temperature 
promotes  the  ionisation  of  easily  ionisabie  metals 
such  as  sodium  and  potassium  which  arc  found  as 
intrinsic  impurities  within  the  propellant.  The 
electric  field  of  an  incoming  wavefront  from  a 
distant  transmitter  interacts  with  the  free 
electrons  of  Ionisation  in  the  exhaust.  Energy  is 
taken  from  the  field  in  the  acceleration  of 
electrons  and  is  dissipated  In  collisions  between 
these  electrons  and  surrounding  neutral  molecules 
This  results  In  a  net  loss  of  energy  from  the 
propagated  wave.  The  loss  and  the  integrated 
effect  of  such  losses  over  the  path  through  the 
exhaust  to  the  "on  board"  receiver,  is  called 
llne-of-sighi  attenuation  or  absorption.  |1|  Figure 
6-1  presents  the  propagation  geometry. 


2.2  Forward  Scatter  (Amplitude  and  Phase 

Modulation) 

A  further  mechanism  (2-5 j  by  which  energy 
from  the  incoming  wavefront  arrives  at  the  “on 
board"  receiver  is  described  by  a  scattering 
process.  Turbulence  induced  eddies  of  fluctuating 
electron  density  populate  large  regions  of  the 
exhaust  and  become  sources  of  incoherent 
scattering  as  they  react  with  the  wavefleld.  Each 
eddy,  moving  at  local  gas  stream  velocity,  may  be 
regarded  as  a  source  volume  (dV)  contributing 
energy  to  the  overall  received  signal  at  a 
frequency  changed  from  that  of  the  incident 
wuvci'ront  by  a  Doppler  shift  imposed  by  source 
velocity  with  respect  to  the  receiving  and 
transmitting  antenna. 

The  propagated  wave  along  the  path  to  the 
source  volume  and  from  It  to  the  receiver  suffers 
attenuation  in  the  way  indicated  in  Section  2.1. 

The  frequency  spectra  of  all  scattered 
energy  at  the  receiver  is  recorded  as  sideband 
modulation  both  of  amplitude  and  phase,  limited 
In  frequency  range  by  the  plume  eddy  velocities. 
Suiuinutlon  under  the  spectral  curve  gives  the 
total  energy  from  this  mechanism. 

2.3  Hack  Sculler  (Rutlur  Cross  Section) 

Forward  scattering  from  the  source  volume 
described  in  Section  2.2  lias  its  counterpart  In 
energy  scattered  rearwards,  back  along  the  path 
travelled  by  the  incident  wavefront.  Again,  a 
frequency  spectrum  from  alt  contributions  is 
created  and  such  energy  is  referred  to  as  back 
scatter  and  forms  the  plume  radur  cross  section 
(RCS),  Its  echo  potential  is  usually  several  orders 
of  magnitude  below  that  of  the  missile  body  but 
Increasing  use  of  radur  absorbing  materials  in 
stealth  body  design  is  reducing  ihe  gap  between 
body  and  plume  radar  return. 

2.4  DIH'ructloii 

Measured  values  of  plume-microwave 
interference  lor  highly-ionised  plumes  in 
longitudinal  geometries  show  many  of  the 
characteristics  of  electromagnetic  wave  diffraction 
hy  solid  objects.  Simple  diffraction  models  have 
been  able  to  account  quite  accurately  for  the 
observed  relationships  between  received  signal 
strength  and  the  angle  between  the  plume  axis 
and  the  line  connecting  transmitting  and  receiving 
antennas  (aspect  angle)  for  both  stutic  and  flight 
plumes.  The  primary  elements  of  diffraction 
involve  the  combination  of  surface  waves 
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'skirling'  most  of  the  plume  volume,  multi-path 
refractions,  and  phase-intcrfercnce  or 
simultaneously  received  signals.  In  more 
sophisticated  models  recently  developed  the 
diffraction  evolves  from  the  mathematical  solution 
of  the  propagation  equations  and  demonstrates 
that  the  effect  is  real.  Current  model 
development  in  this  area  incorporates  the 
combined  effects  of  refraction,  absorption, 
scattering,  and  diffraction. 

2.5  Refraction 

Variations  of  refractive  index  across  the 
propagation  path  of  microwave  beams  will  cause 
distortion  of  the  wavefront  and  deviated  rays  will 
promote  a  multipath  effect  in  the  farficld. 

In  a  rocket  exhaust  plume  two  factors 
dominate  in  determining  the  spatial  variation  of 
local  time  averaged  refractive  index.  One  is  the 
thermal  Inhomogencity  due  to  gradients  of  local 
plume  static  temperature,  the  other  is  the 
partially  ionised  nature  of  the  plume  gases  caused 
by  readily  ionlsable  impurities  in  (he  propellant 
(c.g.  sodium,  potassium  und  calcium  eunipounds;. 
Local  values  of  temperature,  pressure  and 
chemical  composition,  including  concentrations  of 
charged  species  (particularly  free  electrons) 
determine  the  plume  refractive  index  field. 

Calculations  have  estimated  that  for  any 
given  point  in  a  plume  changes  in  refract  ivity  due 
to  ionisation  arc  at  least  an  order  of  magnitude 
greater  than  those  due  to  temperature  gradients. 

2.6  Exhaust  Emission 

In  the  ionised  rocket  exhaust  the  principal 
processes  promoting  .nillimetrie  wave  emissions 
[6]  arc  considered  to  he  Irte-fret  electron 
emissions  (Brcmsstruhlung),  molecular  hum) 
emissions  and  free-bound  electron  emissions. 
Where  aluminium  fuels  are  present  aluminium 
oxide  particles  may  also  emit  thermal  radiations. 

Losses  during  free  electron-neutral  body 
collisions  occurring  naturally  in  the  ionised 
exhaust  form  (he  so  called  BremsslraliUmg,  or 
free-free  emission,  which  is  a  continuum 
radiation.  It  is  governed  hy  the  ionisation 
processes  supported  by  high  exhaust  temperatures 
and  alkali  metal  impurities  in  the  propellant. 

Electron  concentrations  of  10l3m  J  to 
lO’^m'3  and  collision  frequency  of  10* 's"1  are 
typical  at  sea  level. 


Narrow  band  spectral  emissions  result  from 
the  change  In  energy  slate  of  atoms  and  of 
molecules.  in  the  atomic  case,  free-bound 
emission  takes  place  at  clcctron/ion  recombination 
when  the  acceptance  of  an  electron  releases 
transitional  energy  in  radiation.  If  the  electron 
enters  an  outer  orbit  at  an  excited  energy  level  of 
high  quantum  number  (n),  it  will  either 
immediate'y  drop  to  the  ground  state  or  cascade 
downwards  through  decreasing  energy  levels  and, 
in  so  doing,  release  a  scries  of  photons  at  discrete 
frequencies.  This  process  produces  the  spectral 
lines  of  recombination.  Orbits  associated  with 
high  quantum  numbers  have  little  difference  in 
energy  level  and  the  transitions  between  them 
emit  at  millimctric  wavelengths.  Sume  also 
observes  that  lor  high  quantum  levels  (n  -  24  at 
300GHz,  n  ■  60  at  30GHz)  excited  electron 
orbital  rudil  become  large  making  atomic  nuclei 
resemble  point  charges.  Consequently,  recom¬ 
bination  spectra  cun  be  similar,  comparing  one 
element  with  another  and  very  much  like  that  of 
the  hydrogen  atom,  The  molecular  case  involves  a 
change  in  molecular  rotational  state  with 
consequential  releuse  of  energy.  For  molecules 
present  in  the  exhaust,  commonly  H2,  HjO,  C02 
CO  und  N2,  to  contribute  to  moleculur  rotational 
emissions  they  must  undergo  a  change  in  electric 
dipole  moment.  Of  those  mentioned,  H2,  C02 
and  N2  huve  molecular  .symmetry  and  for  this 
reason  do  not  contribute.  CO  and  H,0  are 
asymmetric  molecules  whe :  changes  in*  dipole 
moment  attend  changes  in  rotational  state  and  as 
such  are  of  particular  interest  In  line  radiation 
within  millimctric  wavebands. 

3.0  OPERATIONAL  IMPLICATIONS 

3.1  Guidance  und  Tracking  [7] 

Microwave  radar  has  been  a  long  established 
means  of  missile  location,  tracking  and  guidance. 
It  is  capable  of  providing  an  all  weather  function 
in  a  variety  of  roles  and  Tor  successful  operation 
the  guidance  and  tracking  communication  links 
must  be  free  of  serious  interference.  It  is  clear 
from  Sections  2.1  and  2.2  that  the  rocket  exhaust 
is  a  potential  source  of  such  interference  with 
serious  system  implications  ir  the  signal  link 
pusses  through,  or  close  to,  the  exhaust.  This  Is 
particularly  so  if  the  rocket  motor  is  required  to 
burn  unabated  to  maintain  closing  velocity  in  the 
le;  ninul  stage  of  an  engagement  and  approaching 
maximum  range.  Figure  0,1  shows  the  general 
geometry  of  a  situation  where  the  wavefront  or 
the  transmitted  wave  illuminates  the  whole  plume 
and  the  line-of-sighl  to  the  receiver  passes  through 
the  plume.  Quite  clearly,  attenuation  by  the 


6-6 


plume  must  be  seen  as  an  insertion  loss  within  the 
microwave  communication  link.  Furthermore,  the 
sideband  noise  resulting  from  the  scattering 
process  of  Section  2.2  and  represented  in  principle 
by  a  single  eddy  (dV)  in  Figure  <>.  1  can  he  at 
frequencies  that  may  .iierlere  with  semi-active 
homing  systems. 

3.1.1  Beam  Rider 

Beam  riding  missile  systems  cun  suffer  from 
plume  effects  because  the  missile  lies  in  the  target 
tracking  beam.  For  o  successful  interception  the 
centre  of  the  tracking  beam  must  lie  maintained 
on  the  target  and  this  requires  very  precise 
angular  measurement  by  the  tracking  radar. 
Beam  attenuation  or  distortion  due  in  the  rocket 
exhaust  could  degrade  the  target  definition  that  is 
so  crucial  in  the  closing  moments  before  impact. 
Guidance  signals  to  the  rear  aerial  of  the  missile 
can  puss  through  highly  attenuating  regions  of  the 
plume. 

3.1.2  Rudur  Command  to  Line  of-SIght 

The  beam  riding  missile  requires  only  n 
simple  guidance  receiver  which  minimises  the 
cost,  weight  und  complexity  of  the  guidance 
payload.  This  advantage  is  carried  into  the  Radar 
Command  to  Linc-of-Sight  (RCl.OS)  guidance 
system  where  the  trucker  locks  on  to  the  target 
und,  when  the  missile  is  airborne,  continuously 
measures  the  unglc  between  the  missile  and  the 
target.  It  is  a  technique  that  allows  a  relaxation 
of  bcum  centre  to  target  accuracy,  seen  as  a 
problem  in  the  beam  rider,  hut  to  some  extent  this 
uccurucy  is  now  transferred  to  the  measurement 
of  Ihe  missile  to  target  angle.  \  separate 
command  link,  usually  operating  at  a  wavelength 
different  from  that  of  the  tracker,  guides  the 
missile  to  reduce  the  angle  to  zero  thereby 
maintaining  u  linc-ol'-sighl  interception  course. 
Rocket  uxhaust  interference  problems  associated 
with  the  beam  rider  system  apply  equally  to  the 
"RCLOS"  system.  Refraction  of  the  outgoing 
target  tracking  signal  in  the  outer  regions  of  an 
exhaust  plume  can  introduce  multipath  effects  at 
the  target  which  cause  returns  at  the  tracker 
receiver  »«  produce  false  positional  information. 
This  results  in  erratic  manoeuvres  by  the  missile 
as  guidance  commands  respond  to  this  false 
information. 

3.1.3  Semi-Active  Homing 

The  principle  of  semi-active  homing  systems 
is  one  where  the  target  is  illuminated  and  tracked 
by  radar  and  the  missile  is  launched  on  an 


interception  course  ahead  of  the  target, 
anticipating  its  future  position.  A  target  seeker  in 
the  nose  of  the  missile  receives  reflections  from 
the  target  und  determines  its  direction  in  space. 
Reference  signals  from  a  direct  link  between 
missile  and  tracker  combine  with  the  seeker 
output  to  establish  target  range  und  speed 
(Doppler)  providing  continuous  guidance  update 
until  impact.  The  integrity  or  the  system  is  again 
threatened  by  rocket  exhaust  interference  in  the 
form  of  attenuation  of  the  rear  reference  and 
corruption  of  its  information  by  sideband  noise  or 
as  "spillover"  noise  into  the  missile  forward 
receiver  or  as  a  contribution  to  "clutter",  a 
commonly  used  term  to  describe  unwanted  echo 
signals  IVom  objects  other  than  the  target  such  as 
ground,  sea.  counter  radar  chuff  and  precipitation. 
To  counter  the  effect  of  "clutter",  natural  or 
intended,  tracking  and  seeker  radars  often  employ 
rungegutes'  and  "speedgutes",  Tltey  are  similar  in 
kimccpl.  The  "rangegute  discriminates  against 
radar  returns  other  than  those  within  a  prescribed 
distance  frame  from  the  transmitter  while  the 
"speedgate"  acts  similarly  in  discriminating  against 
those  radar  returns  that  fall  outside  u  prescribed 
"Doppler"  frequency  band  which  can  be  related  to 
the  velocity  of  the  turget.  The  signal  to  clutter 
ratio  Is  significantly  improved  by  their  use. 

In  the  context  of  semi-active  homing, 
incoherent  pulse  radar  systems,  giving  range 
information,  would  he  sensitive  to  the  amplitude 
of  spurious  signals  that  may  appear  us  "duller"  in 
the  rangegaic.  Continuous  Wave  Doppler  and 
Coherent  Pulse  Doppler  systems  would  be 
sensitive  to  signals  having  sideband  frequencies 
that  may  a  licet  the  operation  of  the  "speedgate" 
filler. 

An  indication  of  the  Doppler"  frequencies 
encountered  may  he  found  in  the  simple 
relationship  lj)  -  2V,/A  where  fp  is  the  "Doppler" 
frequency  shift  for  i  given  radial  target  velocity 
(V,)  and  stationary  radar  of  wavelength  "A". 

3.1.4  Active  Rudur  Homing 

In  u  semi-active  homing  missile  the  seek'..'  is 
a  tracking  radar  without  the  transmitter  for  target 
illumination.  The  active  homing  missile  has  the 
transmitter  included  making  the  missile  fully 
autonomous  when  locked  on  to  the  target.  The 
principle  is  that  lor  semi-active  homing  but  signal 
processing  and  computed  course  correction  arc 
dime  on  board  Ihe  missile.  Only  if  the  target  falls 
outside  the  range  of  the  illuminating  radar  is 
there  a  need  lor  a  remote  signal  link,  (his  link 
gives  mid-course  guidance  to  the  missile  to 
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maintain  it  on  course  and  bring  it  into  radar 
contact  with  the  target.  During  (he  autonomous 
stage  of  flight  the  rocket  plume  is  unlikely  to 
cause  problems,  in  mid-course  guidance  the  rear 
facing  link  could  suffer  piurnc  attenuation  and 
sideband  noise  interference. 

3.2  Salvo  Operation 

Where  two  or  possibly  more  missiles  arc 
fired  in  a  salvo  the  exhaust  of  one  may  seriously 
interfere  with  target  tracking  or  with  the  guidance 
of  another.  This  can  be  complicated  still  further 
when  the  saivo  is  Intended  to  engage  multiple 
targets.  The  problems  recounted  in  Sections 

3.1.2  and  3.1.3  are  valid  for  salvo  operations  but 
with  the  addition  of  inter-link  interference. 

3.3  Detection 

Microwave  radiation  from  the  exhausts  of 
tactical  missiles  can  be  a  means  of  detection. 
Interest  centres  largely  on  the  mill  (metric  region 
of  the  spectrum  where  propugulion  windows  exist 
in  the  earth's  atmosphere  that  allow  the  passage 
of  milllmctric  waves  over  relatively  short 
distances.  More  details  ul  the  mechanisms  of 
exhaust  emission  arc  given  in  Sections  2.6  and 
4,2.7  and  Figure  1*1  of  die  Overview  shows  the 
atmospheric  speciru!  transmission  range  with 
windows  at  frequencies  of  approximately  35GHz, 
94QHz  and  140GHz. 

Short  range  detection  of  exhaust  mtllimeirle 
radiation  by  passive  sensors  Is  possible  and,  with 
receivers  having  good  spatial  resolution,  cupahle 
of  providing  accurate  target  bearings.  The  useful 
detection  range  of  un  incoming  missile  will  he 
strongly  influenced  by  the  si/e  and  thermal 
ionisation  characteristics  of  its  exhaust.  Much  of 
the  Intense  radiation  muy  he  obscured  by  the 
missile  body  when  viewed  ut  angles  near  to 
“head-on”.  Nairow  angle  reception  would  require 
rapid  scan  operation  for  survcilluncc  purposes,  the 
alternative  of  initial  wide  angle  reception  is  likely 
to  reduce  detection  sensitivity  with  increased 
background  level,  particularly  ut  low  elevations 
near  the  earth’s  surface.  As  a  defence  aid  the 
detection  of  exhaust  milliinclric  radiation  may 
form  part  of  a  hybrid  system  to  provide 
surveillance,  detection  and  counter  action, 

3.4  Discussion 

In  trying  to  outline  the  problems  associated 
with  cxhausl/microwave  system  interference  no 
attempt  has  been  made  to  offer  solutions.  Those 
available  to  the  engineer  depend  on  the 


operational  role,  hut  few  overcome  exhaust 
interference  without  recourse  to  expediency  and 
some  penalty. 

Some  solutions  might  be 

(i)  Flight  path  offset  at  critical  periods  of 
flight  to  avoid  excessive  signal  losses. 
Penalty  :  Loss  of  optimum  path. 

(il)  Provide  electronic  discrimination 
against  interfei .  ncc.  Penalty  : 
Increased  electronic  complexity,  and 
cost. 

(iii)  Use  of  multiple  antennae  or  reflectors 

atluchcd  to  wing  surfaces  to  remove 
propagation  paths  from  highly 

attenuating  regions  or  the  plume. 
Penalty ;  Lowered  aerodynamic 
efficiency. 

(iv)  Boost-Coast  propulsion  such  that  the 
exhaust  is  absent  in  terminal  stage  of 
useful  flight,  Penalty :  Restricted 
terminal  velocity  (not  always  of 
importance). 

(v)  The  reduction  of  free  electron 

concentrations  in  the  plume  by 
chemical  modification  of  propellant. 
Penalty  :  None;  costs  arc  in  original 
propellant  formulations,  However, 
should  it  be  a  remedial  change  of 
propellant  trom  the  original  then  costs 
could  be  extremely  high, 

(vl)  The  use  of  an  Active  Homing  System 

without  miil-coursc  guidance. 
Penalty  :  High  cost,  electronic 
complexity  and  weight. 

While  the  broad  principles  of  mlerowave 
homing,  guidance,  tracking  and  detection  remain, 
sub-system  technology  has  advanced  to  a 
remarkable  degree.  Reference  7  details  some  of 
these  advances.  Where  past  missile-borne  systems 
have  required  large  and  heavy  microwave  and 
signal  processing  units,  new  generations  or 
microwave  equipment  have  become  much  smaller 
due  to  modern  circuit  design  and  fabrication. 
Signal  pioccssing,  with  the  advent  of  monolithic 
integrated  circuit  technology,  has  led  to 
miniaturi/alion  which  has  been  carried  into 
microwave  technology  with  stripline  techniques 
and  microwave  integrated  circuits. 

Millimetre  waves  offer  the  advantage  of 
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small,  lightweight  systems  having  very  narrow 
beamwidths  with  good  spatial  resolution,  essential 
qualities  for  high  aeeuraey  and  precise  target 
definition.  The  physical  si/e  of  microwave 
circuits  are  proportional  to  the  inverse  of  the 
operating  frequency  and  it  is  very  noticeable  in 
antenna  design,  Whereas  at  a  frequency  of 
lUGHz  the  antenna  may  have  a  diameter  of  1,0m 
for  a  given  beam  width,  at  9SGHz,  for  the  same 
bcamwidth,  the  aiucnnu  diameter  will  lie  U.Jm. 

This  miniaturization  process  now  makes  it 
possible  to  have  a  eomplex  homing  system,  such 
as  that  of  active  homing,  within  u  missile  of  some 
120mm  diameter.  One  outcome  of  this  reduction 
in  size  and  puyload  Is  the  opportunity  to  reduce 
the  size  and  thrust  required  of  a  rocket  motor  for 
a  given  performance  such  that  motors  having 
combustion  suppressed  exhausts  become  the 
preferred  option,  This  chapter  will  show  that 
avoiding  secondary  combustion  (afterburning)  In 
the  exhaust  will  prevent  exhaust  temperatures 
rising  to  cause  ionisation  and,  without  it  large  free 
electron  population,  exhaust  emission  will  lie 
dramatically  reduced  while  attenuation  and  the 
generation  of  sideband  noise  will  no  longer  lie  a 
problem. 

4.0  ASSESSMENT  METHODS 

4.1  Measurement  Techniques 

The  greuter  number  of  plume  measurements 
have  been  made  under  static,  scu-ltvel  conditions 
with  both  transverse  and  longitudinal  propagation 
paths  To  a  lesser  extent  wind  tunnels  and  altitude 
chambers  have  provided  information  mainly  with 
transverse,  focused  beam  studies.  Dedicated  flight 
trials  liuve  been  rare  and  propagation  data 
obtained  is  difficult  to  accurately  match  with 
missile  flight  attitudes. 

4.1.1  Static  sea-level 

4. 1.1.1  Attenuutlun 

Transverse  measurements  |S,9,1()|  of 
attenuation  made  with  focused  microwave  beams 
over  very  short  propagation  paths  through  rocket 
exhausts  offer  the  opportunity  to  spatially  map 
the  extent  of  the  electrical  plume  by  studying 
local  properties  at  selected  stations.  Information 
gained  in  this  way  Is  especially  valuable  for  the 
validation  of  theoretical  models. 

A  system  occasionally  used  in  the  UK 
operated  with  dual  frequency  channels,  14.5(111/ 
and  35(111/.  Separation  between  each  transmitter 


and  its  receiver  was  1.22m  and  matched  conical 
horns  with  dielectric  bi-convcx  lens  formed  the 
focused  beams.  The  spatial  resolution  in  the 
vicinity  of  the  locus,  midway  between  the  horns, 
presented  an  Airy  disc  radius  of  0.057m  for 
14.5011/  and  0.023m  lor  35GHz.  Each  microwave 
assembly  was  housed  in  a  metal  acoustic  cabinet 
on  anti-vibration  mounts  to  minimise  airborne  and 
groundborne  interference.  These  were  then 
mounted  on  u  frame  which  was  raised  and 
towered  by  electrically  driven  jacks.  System 
simplicity  reduced  the  risk  of  fulsc  measurements, 
each  transmitter  consisted  of  a  microwave 
generator,  an  isolator  and  a  microwave  feed  to  a 
lens  corrected  horn  viu  calibration  attenuators. 
Similarly,  the  receivers  had  lens  corrected  horns 
terminated  by  a  crystal  detector.  Much  the  same 
equipment  was  used  in  the  US  through  the  curly 
1970s  when  measurements  of  this  type  were  last 
made.  A  typical  experimental  facility  Is  shown  In 
Figure  b-2u  with  results  from  attenuation 
measurements  using  such  a  system  compared  with 
prediction  in  Figure  t»-2h. 

The  concept  of  longitudinal  measurements  is 
one  where  propagation  pall:  geometries  more 
nearly  resemble  those  of  a  missile  system.  The 
receiving  antenna  is  mounted  on  or  near  to  the 
test  motor,  commonly  In  the  nozzle  exit  plane, 
ami  the  propagation  path  Is  to  a  transmitter  in  the 
fur  field  at  sufficient  distance  to  allow 
Illumiitalion  of  the  whole  plume  by  a  plane  wave. 
The  line  of  sight  between  the  two  untennttc 
intercepts  the  plume  axis  at  selected  narrow 
aspect  angles.  Multipath  interference  by 
reflections  from  intruding  objects  in  the 
propagation  field  should  be  avoided.  A  general 
geometry  is  shown  in  Figure  b-1.  Rotation  of  a 
turn  table  mounted  rocket  during  firing  permits 
attenuation  to  lie  measured  as  a  function  of  plume 
aspect  (viewing)  angle.  Figures  6-3  shows 
examples  of  such  measurements  where  attenuation 
was  recorded  for  motors  with  propellant  variants. 
The  ratios,  e.g.  88/20,  refer  to  the 
solids/uluminium  propellant  loading.  A  plume 
induced  multipath  effect,  showing  enhancement  of 
the  signal  at  some  negative  aspect  angles,  is 
dearly  seen.  Further  measurements  compared 
with  predictions  are  discussed  In  Section  4.2. 
Plume  insertion  loss  and  amplitude  modulation 
have  been  measured  lor  liquid  and  solid  rocket 
motors  at  a  variety  of  plume  axis/wavefront 
interception  angles  in  the  frequency  range  1.0UH/ 
In  140(111/. 

Equipment:  A  measuring  system  |ll| 

typical  in  plume  studies  consists  of  a  microwave 
bridge  in  which  one  arm  is  an  air  path  subjected 
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to  interference  by  the  rocket  exhaust  and  the 
second  arm  is  a  coaxial  link  providing  an 
unmodulated  reference  (Fig  6-4).  Propagation  lies 
between  two  towers  31m  apart  and  9m  high 
(UK),  A  1.4w,  9, 6GHz  source  supplies  power  to  a 
"hoghorn"  antenna  on  the  transmitting  tower  and 
a  lower  power  to  the  reference  link  between  the 
towers.  The  receiving  tower  houses  the  rocket 
motor  mounted  on  a  rotating  thrust  stand  with 
the  receiving  antenna  attached  to  it  adjacent  to 
the  nozzle.  Both  antennae  are  co-plunar  in  the 
horizontal  plane.  Antenna  polar  patterns  arc 
shown  in  Figures  6-5  and  6-6  with  the  transmitter 
pattern,  broad  in  the  horizontal  plane  to 
illuminate  the  whole  plume  at  any  aspect  angle 
and  narrow  in  the  vertical  plane  to  prevent 
spurious  ground  reflections, 

Received  and  reference  signals  are  mixed 
with  those  from  a  local  oscillator  ami  the 
resulting  intermediate  frequencies  (IF)  are  passed 
to  the  main  processor  housed  in  a  control  room 
90m  from  the  towers,  Diode  detection  is  used  to 
extract  the  umplitude  modulation,  while  received 
and  reference  IF  signals  ure  compared  In  a  phase 
sensitive  deteelor  la  obtain  phase  modulation. 

Attenuation  is  measured  hy  mixing  part  of 
the  received  IF  signal  with  t hat  from  a  crystal 
controlled  oscillator  to  provide  a  low  frequency 
output  lor  direct  recording.  It  Is  seen  us  a  signal 
loss  over  a  linear  dynamic  range  of  40dlJ. 

Typleul  Performance 

Aucnuaiiim. 

Dynamic  range  -41)  dB 

System  resolution  (amplitude  and  phase 
modulation) 

At  0  dB  attenuation  -100  dll  to  -120  dll 

At  30  dB  attenuation  •  99  dB  to  -103  dB 

Cruss.iiiJk 

Signal  AM  to  I'M  -27  dll 

PM  to  Signal  AM  -30  dB 

Ref  AM  to  PM  10  dB 


Can  be  vertical  or  liori/ontal.  Occasional  use 
ol  circular  polarisation. 


Analysis 

Analogue  and  digital  techniques  are  used. 

4. 1.1.2  Slgnul  Scattering 

Energy  from  an  electromagnetic  wave 
incident  on  the  exhaust  of  a  missile  can  be 
scattered  forward  Into  its  *on-board"  receiver 
where  it  is  seen  as  amplitude  and  phase 
modulation  presenting  unwanted  sideband  noise  to 
the  system.  This  may  distort  or  obscure  vital 
communication  signals  rendering  the  missile  less 
effective  or  causing  mission  failure.  The 
geometries  of  Figure  6-1  clearly  Indicate  that  to 
observe  the  true  scale  of  scattering  by  turbulent 
dielectric  eddies  the  whole  plume  must  be 
illuminated  by  the  incoming  wave.  Scattered 
sigitid  strength  is  measured  with  the  equipment  of 
Section  4,1,1, 1  and  analysed  using  a  Fourier 
process  where  frequency  components  of  noise 
form  a  spectrum  as  shown  In  Figure  6-7  with 
values  referred  to  a  received  signal  level  (i.c.  after 
attenuation)  and  quoted  in  a  1,0Hz.  bandwidth. 
The  curves  show  amplitude  and  phase  modulation 
spectra  and  are  compared  with  the  amplitude 
modulation  spectrum  (RPE)  of  an  independent, 
similar  equipment  operating  simultaneously  at  the 
same  aspect  angle,  Phase  modulation  of  u 
9,5011/  incident  wave  has  been  recorded  over  a 
range  of  rocket  motors  and,  for  small  umplitude 
signals  such  as  those  generated  In  the  plume,  has 
yielded  phase  spectra  that  are  in  agreement  with 
simultaneously  recorded  umplitude  spectra  (UK). 

To  measure  backscaltcr  (radar  cross  section) 
from  the  plume  the  transmitter  and  receiver  arc 
in  the  same  iocation  (mono-static  radar)  with  the 
receiver  measuring  signal  returns  echoed  from  the 
missile  exhaust.  These  scattered  returns  cun  lie 
expressed  us  an  effective  area  compared  with  a 
known  standard  reHeclor  and  represent  energy  in 
the  area  under  the  spectral  curve. 

4.1.2  Wind  Tunnel  (Simulated  Flight) 

Wind  tunnel  dynamic  plume  tests,  with  a 
co-l'lowing  free  stream  tit  altitude,  provide  the 
closest  simulation  of  an  in-flight  missile,  although 
there  are  often  restrictions  on  antennae  placement 
ami  undesirable  shock  reflection  and  wall  effects 
to  be  avoided.  Transverse  attenuation 
measurements  are  best  suited  to  these  facilities 
and  have  been  useful  for  analysing  plume 
phenomena  observed  in  flight. 


Representing  this  type  of  work  Figure  6-8a 
presents  data  for  two  composite  motors  with 
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different  levels  of  aluminium  fuel  (10%,  12%)  and 
compares  these  with  essentially  identical  motors 
but  with  the  inclusion  of  small  quantities  of 
molybdenum  trioxidc  as  an  attenuation 
suppressant.  The  reduction  in  attenuation  due  to 
the  additive  is  clearly  demonstrated  and  lire 
mechanism  is  further  discussed  in  Section  5.1.  In 
Figure  6-8b  results  arc  shown  from  a  wind  tunnel 
study  used  to  assess  the  night  data  of  six 
propellants  under  simulated  flight  conditions.  In 
all  eases  except  E,  peak  attenuation  occurred  at 
maximum  free  stream  velocity.  Propellant  E 
contained  3%  K2S04  and  full  afterburning  did  not 
occur.  C,  O  and  F  had  (lames  fully  anchored  to 
(he  nozzle, 

4.1.3  Altitude  Cltumber 

Transverse  attenuation  measurements  of 
missile  plumes  generated  In  altitude  chambers 
were  made  for  a  number  of  years  at  the  US  Naval 
Research  Laboratory  and  to  a  lesser  extent  in  the 
UK  [12|.  A  similar  capability  now  exists  at  SNPE 
in  France.  Results  from  such  measurements  ate 
shown  In  Figure  (>-')  where  utlcnuuiioii  for  two 
composite  motors  at  simulated  altitudes 
(~2S/28kft  and  -40/42kfl)  are  compared  with 
utlenuution  at  sou-level.  Such  measurements  have 
limited  use  since  they  neglect  all  dynamic  aspects 
of  flight,  however,  they  make  it  possible  to  slum 
the  effects  of  reduced  ambient  pressure  on  certain 
chemical  reactions  occurring  in  the  exhaust  plume 
(particularly  recombination  read  ions).  Reference 
!3  also  describes  NRl.  facilities  being  used  with 
co-flowing  airstream  for  prediction  validation  at 
M2. 2  and  altitude  lU.ltkm.  i  ongilmlinnl 
measurements  have  dubious  value  whet.  o|icraiinv 
in  confined  spaces  with  cliainber  wall  diet. lions 
and  limited  geometries 

4.1.4  Flight  Testing 

Figure  (i-l()  is  ait  example  ol  .illciiii.ilion 
data  gained  from  u  wcll-instrumcutcd  llighi  test. 
Rotation  of  the  missile  during  Might  ( I  is  ! ) 
provided  data  from  positive  ami  negative  aspect 
angles  and  from  propagation  paths  not  in  the 
aiilenmi/iio.'/Ic  .iMs  plane.  1  lie  v  ai  i.il i<m  >d 
attenuation  with  altitude  (/.)  and  missile  velocitv 
(V)  is  clearly  seen,  while  the  motor  i ouilnistioii 
chandler  pressure  tl’,  )  inoicalcs  the  state  ami 
lime  of  burning.  Stall  iiiloimuunii  is  hclplul  lot 
the  validation  of  longitudinal  propagation  model", 

In-fliylii  allenmilioi:  data  (lor  positive  aspect 
angles,  ie.  "through  the  plume  )  lot  a\ 
propellants  of  Figure  (>  Nb  an-  sinnniaiiscd  m 
Figure  (i-l  1.  flic  order  ol  .iticim.il ii >n  isdiileient 


between  simulated  and  actual  Might  data. 
Propellants  D  and  H  had  the  lowest  in  both  cases. 
Propellant  E  in  the  flight  measurement  gave  high 
attenuation  suggesting  that  the  plume  in  this  case 
was  fully  burning.  Propellants  C  and  D  were 
identical  apart  from  the  additive  (PbCr04)  in  D 
which  was  uctivc  us  an  attenuation  suppressant. 
Missiic/busc  diameter  rulios  were  small  indicating 
a  large  base  with  the  likelihood  that  base 
rcdiculation  and  a  critical  combination  of 
variables  contributed  to  some  of  the  differences 
observed. 

4.1.5  Plume  Emissions 

To  date  emission  data  are  spurse,  One  UK 
based  experiment  afforded  the  opportunity  to 
undertake  dual  frequency  measurements  of 
emissions  from  double  base  and  composite  motors 
ol  3l)kN  and  lOkN  thrust,  respectively,  The 
frequencies  of  Interest  were  nominally  35GHz  and 
‘iiKJIIz  ami  similarly  constructed  milometers 
consisted  of  a  dish  antenna,  radiometer  ticud  with 
a  Dieke  reference,  n  mixer  with  I.F.  amplifier 
leading  to  a  detector  and  band  puss  amplifier  and 
finally  coupled  to  a  correlated  detector.  The 
.iiitciina  3dB  lobe  widths  were  1.3  degrees  and  0.8 
degrees  for  35011/  and  dOUHz,  respectively. 
Data  from  the  radiometer  were  analysed  by  u 
dedicated  computer.  Figure  0-12  shows  the 
measured  apparent  brightness  temperatures  for 
the  composite  propellant  motor  and  Figure  0-13 
shows  similar  values  fur  the  double  base  motor, 

4.2  Predictions  and  (.nmpiirlsons 

Microwave  piedictnms  rclv,  in  the  first 
msi.uiii .  upon  the  u  hinIi  in  lion  of  n  theoretical 
c-xii.iust  .ii in. mu  in  which  the  time  averaged 
propu  tics  ul  combustion  are  quantified  in  an 
nxisviiiiimiiie  d'slnlnilioii  of  components  spatially 
deliiied  liv  axial  and  radial  vo-ordinutes 
i clercucctl  to  the  axial  point  in  the  no/zle  exit. 

4.2.1  Plume  flow  field  Model 

H< m liclil  models  |l  l-l'i|  use. |  fur  micro- 
wave  pi  cdii  tiniix  ale  dioxe  ll.cd  lol  all  other 
pi  lino  -  prcdii  lions  Imt  have  live  iin|xiitani 
addition. d  piopiiiir.  that  am  particular  to 
mu  lowio  c  iti'i-r.u  lions  and  must  lie  included  ;- 

ii)  VI  ii  H11..1 1  itm  ihciiiisliv,  cspi-ciallv 
tli.it  lot  alkali  niii.d  impurities.  Other 
imnoi  pun-,  that  mav  interact  with 
amlalti-il  the  loiii  ..itioii  processes. 

to!  P.iraiiieU-ts  tli.il  leli.ic-  the  plume 
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turbulent  structure  which,  as  a 
minimum,  include  turbulent  intensity 
related  to  electron  density  fluctuations 
and  turbulent  length  scale 

(iii)  The  electron  collision  frequency. 

(iv)  Free  electron  concentrations  given  by 
ionisation  processes.  (20) 

All  of  these  parameters  will  have  specific 
values  dictated  by  their  spatial  distribution 
throughout  the  plume  as  shown  in  Figure  6*14. 
Turbulence  quantities  must  be  appended  to  the 
values  shown  in  Figure  6-14,  these  can  be  derived 
from  turbulence  kinetic  energy  values  used  to 
determine  the  shear  layer  mixing  for  the 
time-averaged  flow.  It  is  important  |I5)  to 
consider  the  recirculation  region  established  at  the 
base  of  the  missile  in  flight  when  the  base 
diameter  substantially  exceeds  the  nozle  exit 
diameter.  Recirculation  affects  the  development 
of  the  downstream  plume  and  may  be  critical  to 
the  onset  of  afterburning.  Calculations  (21,22)  of 
this  region  arc  commonly  based  on  iterative 
solutions  over  a  fixed  grid  domain  and,  because 
the  method  is  demanding  of  computer  time  anti 
storage,  computations  arc  normally  confined  to 
structural  information  close  to  the  nozzle  exit 
where  recirculation  is  significant. 

4.2.2  Attenuation 

Linc-of-sight  calculations  arc  based  on 
computing  the  absorption  of  a  single  RF  ray  as  it 
passes  through  the  plume.  Along  the  ray  path, 
the  plume  is  assumed  to  absorb  as  a  series  of 
homogeneous  plasma  volumes  normal  to  the  ray. 

The  attenuation  ir  (or  energy  absorbed)  per 
unit  path  length  (dBm'1)  is  given  by  (1,15) 


«-  *'686(f  )[-<iyiL+  . 

2{a  -  a2  ,4.1, 


. 

{  (1  -  A)2+  a2  <£  )2j  2  ]  2  (4.2) 

The  total  phase  shift  0  irough  a  length  'd' 
of  homogeneous  plasma  is 


0  =  ifi-fio)d 

where  0C  =  ~  and 

c  =  velocity  of  light  in  vacuo 

The  terms  «  and  0  arc  the  real  and 
imaginary  parts  respectively  of  the  complex 
propagation  constant  y  which  defines  the  electric 
field  of  the  propagating  ray  :• 


—  *x(«  +  i/1)  -Icut 

=  E0e  e 

where  y  =  <v  +  i/1 

In  certain  cases  the  predicted  line-of-sighl 
attenuation  Is  a  reasonably  good  estimate  of 
measurable  values.  These  include  focused-bcam 
transverse  attenuation  where  at  the  point  of 
intersection  between  plume  and  beam  axes,  the 
half  power  radius  of  the  beam  does  not  exceed 
one  forth  of  the  plume  radius.  Equally, 
predictions  of  longitudinal  (diagonal)  attenuation 
by  the  linc-oT-sighl  method  have  shown  reasonably 
good  agreement  with  measured  plume  attenuation 
from  composite  propellants  containing  less  than 
5%  aluminium  1 1 5).  Such  plumes  had  a  predicted 
maximum  electron  density  of  less  than  I016m  5 
and  showed  a  ratio  of  measured  maximum 
longitudinal  attenuation  to  measured  maximum 
transverse  attenuation  that  lay  between  7  and  10. 
A  range  of  composite  propellant  plume  data  that 
meet  or  fail  these  criteria  are  given  in  Figure 
6- 15a  where  measured  values  of  the  ratio  fall 
between  0.7  and  10. 


2  2  2  -1 
where  A  =  w  (v  +  in  ) 

P 

The  phase  shift  coefficient  0  is  given  by 


That  diffraciion  may  play  a  part  in 
microwave  propagation  through  highly  ionised 
exhausts  is  indicated  by  combining  results  from 
transverse  and  longitudinal  measurements  and 
comparing  them  with  predictions.  Figure  6-15b 
compares  longitudinal  attenuation  measurements 
for  a  given  double  base  motor  with  predictions 
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from  the  line-of-sighl  axle.  At  small  plume 
interception  angles  from  the  axis,  attenuations  or 
lOOdB  or  more  arc  predicted.  This  is  in  marked 
contrast  to  the  observed  insertion  loss  which 
varies  between  -lOdB  and  -3()dB  depending  upon 
the  location  of  the  receiving  antenna.  Moreover, 
at  these  small  angles  the  variation  of  measured 
insertion  loss  with  frequency  is  not  that  to  l>e 
expected  should  absorption  be  the  dominant  loss 
mechanism.  Only  at  larger  interception  angles, 
where  comparatively  short  path  lengths  close  to 
the  nozzle  exist,  is  there  reasonable  agreement 
between  prediction  and  measurement.  This  is 
further  confirmed  by  Figure  (>-2b.  where 
transverse  measurements  at  350 Hr,  using  a 
focused  beam  system,  agree  well  with  calculated 
values  of  attenuation  for  the  same  motor.  It  is 
clear  however,  that  should  attenuation  measured 
over  the  relatively  short  diametric  paili  at  2m  be 
present  over  long  paths  through  the  length  of  the 
plume  then  attenuation  in  excess  of  lOthlH  would 
be  expected.  For  exhaust  jets  where  high  electron 
densities  exist,  the  insertion  loss  is  not  governed 
solely  by  absorption  and  oilier  propagation 
mechanisms  such  us  diffraction  should  he  sought. 

It  is  particularly  interesting  to  examine  the 
(light  data  analyses  in  Figure  (>-10,  the  transverse 
wind-tunnel  uttcnuulion  measurements  of  Figure 
ft  9  and  calculations  graphically  summarised  in 
Figures  ft- 16  und  0-17  In  which  Imsc  recirculating 
flow  was  coupled  to  the  downstream  flowTicid 
|45|.  All  employ  a  common  propellant;  pro|>ellani 
which  Is  non-mctulllscd,  consisting  of  24* 
polyurethane  and  73',’f  ammonium  perchlorate.  In 
the  wind-tunnel  tests  the  results  were  very 
sensitive  to  frce-slrcam  Math  number.  Below 
Mach  2.8  there  was  no  afterburning,  resulting  in 
negligible  attenuation.  At  Mach  2.S  and  above, 
base  burning  induced  combustion  in  the  plume 
und  attenuation  readied  a  level  comparable  witli 
those  in  Figure  ft-lft. 

Figure  6-16a  shows  temperature  calculations 
Tor  propellant  ’C  at  7.6km  altitude,  a  velocity  of 
M  2.2.  with  a  0.127m  diameter  missile  base  and 
0.042m  nozzle  exit  diameter  (t  -  4.3.  pr  -  4  s  10° 
Pa).  This  Mach  number  was  chosen  because  it 
corresponds  to  the  onset  of  vigorous  afterburning 
in  flight  tests  using  this  propellant  in  a  motor  the 
size  of  that  analysed  in  Figure  ft- 1 7.  It  is  obvious 
that  the  calculations  without  a  base  effect  show 
no  afterburning  at  all.  whereas  the  effect  of  the 
base  is  to  cause  significant  afterburning,  and.  as 
seen  in  Figure  h-lftb,  a  dramatic  increase  in 
electron  density.  Predicted  sea  level  .inclination, 
wind-tunnel  data,  and  predicted  attenuation  lor 
simulated  flight  conditions  arc  recorded  in  Figure 


ft- 16c,  The  wind-tunnel  data  were  obtained  with 
a  motor  having  a  quarter  of  the  thrust  of  that  for 
which  calculations  were  made.  The  base  diameter 
was  the  same  for  both  eases.  The  wind-tunnel 
data  in  Figure  ft- 16c  have  been  adjusted  by 
doubling  the  value  on  the  abscissa  which  should 
partially  compensate  for  the  difference  ill  thrust 
between  the  measured  and  calculated  cases. 

When  the  plume  size  is  sealed  up  to  that 
actually  tested  in  flight  (0.406m  base  diameter, 
i>.  134m  nozzle  exit  diameter),  calculations 
indicate  that  the  base  effect  is  no  longer  critical 
to  the  initiation  of  in-flight  afterburning  or 
attenuation,  although  the  base  effect  causes 
afterburning  to  start  much  closer  to  the  nozzle 
exit.  The  same  base  diameter  to  nozzle  exit 
diameter  ratio  is  maintained  in  Figures  6-16  and 
ft- 1 7.  The  results  shown  in  Figure  6-17  arc 
compatible  with  longitudinal  microwave 
attenuation  levels  down  to  20dB,  which  were 
measured  in  flight  tests  of  propellant  ’C.  The 
in-flight  data  have  been  reproduced  fairly  well  by 
combining  the  results  of  Figure  6-17  with 
electromagnetic  propagation  calculations,  which 
include  the  effects  of  refraction  and  diffraction. 

Figure  ft-181)  computes  measured  and 
calculated  longitudinal  attenuation  lor  a  rocket 
motor  having  a  composite  propcllunt  containing 
5‘Y  aluminium.  Tills  did  not  produce  a  highly 
.ittciiiialing  exhaust,  and  simple  llne-of-sight 
predictions  were  adequate. 

4.2,3  K'  ward  Scatter 

t  alculalioits  of  forward  scattering  (2,23,24, 
25 1  of  microwave  radiation  by  exhaust  plumes 
have  been  performed  since  the  mid  1960s.  In 
these  calculations  it  is  assumed  that  a  receiving 
antenna  is  mounted  til  the  rear  of  a 
rocket- propelled  vehicle  and  is  illuminated  by  a 
plane  wave.  The  geometry  of  the  problem  is 
illustrated  in  Figure  (>- 1  a.  which  also  defines  some 
of  the  variables.  The  incident  plane  w«<'c 
illuminates  the  whole  of  tiie  exhaust  jet  so  that 
power  is  scattered  from  all  parts  of  the  jet  into 
live  receiving  antenna.  TurbuIcncc-induccd  eddies 
of  fluctuating  electron  density  populate  lurge 
regions  of  the  exhaust  and  become  sources  or 
signal  scattering,  moving  at  local  exhaust  velocity. 
Each  source  volume  (dV)  contributes  in  some 
measure  to  the  overall  received  signal  strength, 
tun  at  a  frequency  removed  from  that  of  the 
incident  wave  by  a  "Doppler  shift"  imposed  as  a 
result  of  local  eddy  gas  velocity  with  respect  to 
the  receiver.  Scattered  energy  received  in  this 
manner  is  related  to  the  incident-received  signal 
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by  the  equation  :- 

p  ,  G.  C 

—  =  -  f  — -  a  dv  (4.3) 

P.  4iG„  voi  r2 

'  P\ 

where  Pt  /Pj  is  (he  ratio  of  the  noise  power  to  the 
signal  power,  Gp^  the  receiving  antenna  gain  in 
the  direction  of  the  transmitter  and  G a2  that  in 
the  direction  of  the  clement  dv.  The  distance 
between  the  receiver  and  the  scattering  dement  is 
denoted  by  r  and  a  is  the  volume  scattering 
cross-section,  The  volume  of  integration  includes 
the  whole  plume.  C#  is  the  attenuation  loss  factor 
along  the  path  through  the  plume  to  and  from  the 
element  dv, 

The  volume  scattering  cross-section  <«)  is  a  locul 
property  of  the  exhaust  plume  und  may  be  shown 
to  be  :• 

0.63  x  32.*r4r.,2  n’  sin2  aJ  , ... 

(1  +  v'lcu2)2  B 

2  2 

where  it’  ■  (n  |  I  the  turbulent 
e 

fluctuation  of  electron  density  |e*|  and 

-t  ■>  2  I  l/fi 

B  s(|+4»“k  Sin  ,y/2) 
the  Kolmogorov  turbulence  function. 

In  this  equation  rL,  is  the  classical  electron 
radius,  V'  the  angle  between  (lie  direction  of 
scuttcrittg  and  the  incident  electric  vector  and  iv 
the  scattering  angle.  I  is  the  local  intensity  of 
electron  concentration  fluctuations.  »„  is  the  local 
mean  electron  density  und  'a'  the  turbulent  length 
scale,  v  is  the  local  clcctron-ncutrul  body  collision 
frequency,  a>  the  angular  frequency  of  the 
incident  signal  and  k  the  wave  number  (k  -  2.1/A). 

In  Equations  4.3  and  4.4  the  angles  t //  and  u 
and  the  distance  r  may  be  determined 
geometrically;  cu,  k  and  the  receiving  antenna  gain 
function  arc  known  characteristics  of  the 
microwave  system.  If  ne,  w,  I  and  a  are  defined 
throughout  the  plume  flowlield  the  scattered 
power  may  be  calculated. 

Fluv, field  calculations  can  pmvidc  locul  gas 
velocity,  mean  electron  density  and  electron- 
neutral  body  collision  frequency  hut  considerable 
uncertainty  surrounds  the  turbulence 


characteristics.  The  turbulent  length  scale  (a)  is 
commonly  taken  to  be  the  correlation  length  for 
turbulent  velocity  fluctuations  which  may  differ 
from  the  required  length  scale  for  fluctuations  in 
electron  concentration.  It  is  calculated  using  a 
two-equation  turbulence  model  in  the  plume 
structure  program.  The  turbulent  intensity  (I)  is 
often  set  to  unity  but  can  also  be  seen  as  a 
function  of  axial  distance  downstream  of  the 
noz/lc  exit  and  a  corresponding  radial  distance. 
Both  parameters  arc  discussed  in  greater  detail  in 
Reference  20. 

The  “Doppler"  frequency  shift  of  the  power 
entering  the  receiver  from  scattering  elements  dV 
is  written  :* 

f  D  =  -  <«>s  -  COS  )  (4.4) 

For  a  given  element  (dv),  if  the  wavelength 
(A)  of  the  incident  wave  and  the  local  gas  velocity 
(u)  are  known  the  frequency  of  the  scattered 
power  for  angles  /i,  and  ft2  of  Figure  6-1  can  be 
obtained  from  this  cquulion.  Summation  of  all 
scattered  energy  generated  in  this  way  throughout 
the  plume  forms  the  radio  sideband  spectra 
associated  with  rocket  exhaust  interference. 
Plume  characteristics,  which  will  change  with 
altitude  and  forward  velocity,  govern  the 
s|>ectriim  of  the  total  received  power.  It  may  be 
dominated  by  llne-of-sighl  or  scattered  energy  or 
may  contain  significant  contributions  from  both. 
Comparisons  between  prediction  and  experiment 
are  shown  in  Figure  (»■!•). 

4.2.4  Buck  Scatter 

Back  scatter  of  microwave  radiation  by  a 
plume  is  calculated  using  the  same  scattering 
equations  (4.3.  4.4  and  4.5)  used  for  forward 
sculler.  Some  differences  occur  in  the  use  of  the 
equations  lor  the  two  situations;  for  back-scatter 
die  angle,  ur.  is  fixed  al  ISO  degrees  and  the 
absorption  function.  Cn,  is  made  of  two  parts  that 
are  generally  die  same  on  incidence  and  departure 
from  a  scattering  element,  dv.  This  contrasts 
with  forward  scattering  where  <»  assumes  ail 
values  and  C,  differs  in  value  between  that  of 

■l 

incidence  and  departure. 

Fundamental  experimental  work  for 
determining  plume  hackscattcr  has  been 
conducted  at  the  Stanford  Research  Institute 
(SRI)  in  (lie  frequency  hands  7GHz  lo  11.5GHz 
and  26.5GH/  lo  40GHz  1 26-30).  In  this  work  the 
exhaust  plume,  which  was  studied  at  a  reduced 
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ambient  pressure  of  800Nirr2,  was  produced  by 
burning  ethylene  and  oxygen  with  KCI  seeding  to 
produce  ions.  Variables  of  the  plume  were 
studied  including  electron  fluctuations  aiiu 
turbuicncc-scale  length  correlations.  Variations  of 
ambient  pressure  and  the  effects  of  a  co-flowing 
stream  were  not  studied.  The  SRI  results  offer 
some  insight  into  the  parameters  ’n“  and  'a‘  of 
the  scattering  equations. 

An  important  flight  trial,  dedicated  to  the 
measurement  of  backscattcr  or,  as  it  is  often 
referred  to,  radar  cross  section  (RCS)  was  made 
in  the  US.  and  the  results  were  compared  with 
calculations.  In  general,  Doppler  frequency  shin 
relates  to  plume  flowficld  velocity  components 
along  the  radar  linc*of*sight  through  the  plume 
and  can  be  associated  with  specific  regions  of  a 
flowficld  prediction  that  calculates  the  spatial 
distribution  velocity.  In  the  backscattcr  prediction 
code,  specific  RCS  returns  were  associated  with 
specific  regions  of  the  plume  and  hence,  with 
specific  velocities,  These  were  then  joined 
together  to  form  the  total  theoretical  radar  cross 
section  of  the  rocket  plume.  Figure  6-20a  shows 
the  total  RCS  Doppler  spectrum  measured  in 
flight  and  was  obtained  hy  summing  the  Doppler 
spectra  from  nine  individually  resolved  range 
"bins"  in  the  RCS  flight  data.  Doppler  shift  data 
from  each  of  the  range  “bins'*  can  also  be  plotted, 
each  range  "bin"  corresponding  to  a  20.2m  length 
of  plume.  This  technique  provided,  in  effect,  a 
“diagnostic  probe"  with  which  to  interpret  data 
from  the  flight  plume  for  comparison  with 
spatially  resolved  plume  calculations.  Values  from 
each  of  the  nine  “bins"  are  compared,  calculation 
with  exp.  riment,  in  Figure  <>.2()h. 

Past  RCS  measurements  tRATSCAT)  were 
made  on  firings  of  aluminized  solid  propellant 
motors  and  liquid  motors  seeded  with  controlled 
amounts  of  potassium  to  produce  free  electrons 
and  thus  modify  the  RCS  1.11],  The  data  collected 
was  not  taken  with  Doppler  radar  equipment  but 
there  is  good  total  RCS  data  viewed  from 
broadside  and  angles  either  side  of  broadside. 
The  measurements  were  made  hy  rotating  the 
motors  during  firings.  Early  calculations  |!2|  gave 
reasonably  good  agreement  with  data,  more  recent 
calculations  in  the  U.S.  arc  showing  remarkably 
good  agreement  with  the  RATSCAT 
measurements  (3.1).  A  sample  of  RATSCAT  data, 
from  eight  test  firings,  is  shown  without  details  in 
Figure  6.21.  Six  frequencies,  between  0.  IS  and 
SGHz  were  used  in  the  experiments.  All  motors 
had  thrust  levels  of  about  8.%kN  with  two  levels 
of  aluminium  16%  and  5%. 


4.2.5  Diffraction 

The  transverse  measurements  described  in 
Section  4. 1.1.1  and  4.2.2  support  the  view  that 
longitudinal  received  signal  level  is  not  determined 
solely  by  absorption  and  that  significant  amounts 
of  energy  can  reach  the  receiver  other  than  by  the 
direct  line  or  sight.  An  example  suggesting  a 
diffraction  mechanism  in  operation  is  given  by 
Figure  6*22a  and  b  which  presents  plume  attenu¬ 
ation  at  two  wavelengths  for  a  highly  ionised 
exhaust  plume.  The  measurements  are  compared 
with  prediction  at  zero  aspect  angle  and  two 
plume  intersecting  aspect  angles.  The  antenna 
displacement  from  the  motor  axis  was  changed  for 
each  firing. 

Measured  attenuation  at  K  band  (nominally 
IMJH/)  shows  good  agreement  with  predictions  at 
/ero  aspect  angle  suggesting  conformity  with  the 
line-ol -sight  theory  of  Equation  4.1  in  Section 
4.2.2  which  was  used  for  the  calculation. 
However  as  the  increase  in  aspect  angle  directed 
the  propagation  path  into  regions  of  higher 
electron  density  so  that  conformity  lessened. 
Even  at  /ero  aspect  angle  it  is  the  steepness  of  the 
curve  ut  !5dB  which  gives  the  appearance  of 
agreement,  The  bracketed  point  pair  shows  the 
difference  in  attenuation  lor  the  same 
displacement.  Accepting  uncertainties  associated 
with  predictions,  experiment  and  theory  arc  not  in 
great  disarray,  particularly  below  the  lOdB 
attenuation  level. 

I  band  (nominally  10GHz)  docs  not  show  the 
same  degree  of  agreement  and  with  the  reduced 
slope  of  die  experimental  curves  it  is  evident  that 
they  will  cross  those  of  K  band.  Beyond  the 
intersection,  in  increasing  attenuation,  there  will 
lie  a  reversal  o!  exhaust  penetrative  powers 
between  K  and  I  bands,  which  is  contrary  to 
Equation  .1.1.  Slight  differences  in  aspect  angle 
do  not  invalidate  these  observations  since  the 
family  of  curves  allows  reasonable  interpolation. 
Further  substantiation  of  a  diffraction  mechanism 
is  given  by  the  very  close  agreement  between 
plume  attenuation  measured  for  a  0.2%  potassium 
seeded,  20%  uluminiscd  rocket  motor  and  the 
diffraction  pattern  of  an  aluminium  cylinder  (Fig 
6-20).  Lower  potassium  and/or  aluminium 
loadings  of  the  rocket  propellant  result  in  similar 
radiation  patterns,  hut  with  reduced  signal  loss. 
The  apparcnl  discrepancy  between  the  two 
straight  lines  shown  in  Figure  6-16  is  explained  by 
a  diffraction  calculation. 
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A  good  theoretical  description  or  the 
diffraction  process  has  yet  to  evolve,  it  is  a 
complex  subject  ( 15,34.35).  Simple  computer 
programs  for  modelling  diffraction  of  microwaves 
hy  an  afterburning  rocket  plume  have  met  with 
some  success  and  reproduce  experimental 
longitudinal  attenuation  data  quite  well.  (Figs 
6*23,  6-24  and  6-25).  One  such  model  is  based 
on  the  theory  of  line  source  diffraction  by 
semi-infinite  wedges  and  strips  and  has  been 
consistently  successful.  (Fig  6-25).  This  and 
other  methods  are  discussed  with  references  in 
Reference  15. 

Recent  investigations  (36)  have  employed 
ray-tracing  studies  to  estimate  the  temporal 
development  of  wavefront  distortion  and  have 
indicated  the  possible  existence  of  diffraction. 
From  plume  flowfield  data  of  electron  density 
contours,  a  three  dimensional  model  of  the  spatial 
variation  and  gradients  of  the  complex  refractive 
index  has  been  developed.  It  was  based  on  a 
three  dimensional  plume  "tear  drop'  function 
sectioned  by  a  plane  surface.  This  enabled  rapid 
progress  by  ray  tracing  leading  to  an  investigation 
of  the  progressive  wavefront  distortion 
experienced  by  a  plane  wave  propagated  through 
the  plume.  The  diffraction  is  dominated  by  a 
highly  localised  stationary  phase  region  with  u 
position  that  could  be  defined  by  Inspection  of 
refractive  waveform  compression.  An  equivalent 
diffraetor  was  established  having  the  form  of  an 
ideal  absorbing  disc  and  combining  the  (iTD  liehls 
with  that  rrom  a  direct  ray.  The  equivalent 
diffraetor  was  replaced  hy  an  effective  diffracting 
surface,  positioned  in  the  same  way,  Three 
dimensional  ray-tracing  of  a  large  number  of  these 
rays  and  their  truncation  at  a  relative  phase-lime 
defined  by  the  assumed  location  of  this  surface, 
was  used  to  define  secondary  sources  and 
represent  in  a  more  natural  way,  the  stationary 
phase  region  within  a  discrete  form  of  the 
Frcsncl/Kirchkorf  scalar  diffraction  integral. 
Account  was  taken  of  the  very  high  lateral  sputial 
refractive  index  gradients  in  ihc  region  between 
the  effective  diffracting  surface  and  the  plane  of 
the  receiver  by  incorporating  geometrical  masking 
into  the  diffraction  calculation.  Fur  small  angles, 
the  effective  diffraetor  approach  was  justified 
because  the  loss  mechanism  was  dominated  by  the 
behaviour  of  the  wavefront  in  a  highly  localised 
region.  It  is  also  strongly  influenced  hy  the 
masking  effect  of  the  intervening  dense  plasma 
and  a  non-abrupt  Interaction  or  the  direct  ray 
between  transmitter  and  receiver.  Figure  0-26 
shows  a  sample  comparison  between  calculated 
diffracted  signal  and  measured  attenuation  for  a 
high  electron  density  plume  from  a  double  base 


propellant  motor.  The  solid  points  are  those  of 
individual  firings,  the  full  line  is  that  of  the 
diffracted  signal  where  Eo/Ei  is  the  attenuation 
level  in  decibels.  Work  is  still  proceeding  to 
evaluate  this  method  for  a  range  of  rocket  motors. 

4.2.6  Refraction 

4.2.6. 1  Longitudinal  Refraction 

The  refractive  index  of  a  medium  is  given 
hy  n  -  c/v,  where  v  is  the  velocity  of 
electromagnetic  radiation  in  the  medium  and  c  is 
its  velocity  in  a  vacuum.  In  an  absorbing  medium 
the  index  of  refraction  is  complex:  a  -  n()  ♦  ik). 
Solutions  to  Maxwell's  equations  for  a 
monochromatic  plane  wave  in  free  space  provide 
the  propagation  constant  y  m  <v  +  Ifi  which  can  be 
related  to  the  complex  retractive  index  (u)  since  a 
-  umVJc  and  ft  —  am/c  where  w  is  the  angular 
velocity  of  the  wave 


The  complex  nature  of  the  refractive  index 
affects  tlie  path  of  the  ray  through  an  absorbing 
medium.  Poynting's  vector  oscillates  in  such  a 
medium,  consequently  the  energy  path  cannot  be 
obtained  from  this  vector  which  leads  to 
computations  of  considerable  complexity.  If 
absorption  over  one  wavelength  is  not  appreciable, 
then  the  complex  law  of  diffraction  deviates 
negligibly  from  Snell's  law  for  absorbing  media. 


n  |  Sin  0 1  =  n2  Sin  0-, 


where  Ihe  subscripts  refer  to  the  media  on  cither 
side  of  a  boundary  crossed  by  Ihe  radiation. 

It  is  in  the  outer  regions  of  the  plume  where 
refraction  can  occur  with  little  attenuation  of  the 
incident  wave,  that  energy  in  the  wave  leaving  the 
exhaust  cun  he  at  a  high  level.  Calculation  of 
refraction  in  these  legions,  where  the  refractive 
index  gradients  arc  low,  can  be  achieved  by  the 
use  of  contours  of  constant  refractive  index. 
While  recognising  thut  the  mean  refractive  Index 
continually  changes  through  the  plume,  as  an 
approximation  the  path  of  the  ray  can  be  stepped 
through  small  volumes  of  constant  refractive 
index  changing  direction  at  each  interface.  The 
step  length  can  vary  according  to  Ihc  local 
refractive  index  gradient  and  Snell's  iuw  can 
apply. 
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The  results  of  several  two-dimensional 
refraction  calculations  are  shown  in  Figure  6-27. 
Oblique  entering  rays  are  refracted  in  the 
direction  of  increasing  refractive  index  so  strongly 
that  they  seem  to  almost  glance  off  the  plume. 
The  fact  that  these  rays  emerge  with  little 
attenuation  can  result  in  multi-pain  effects  in  the 
field  beyond  the  missile  which  may  interfere  with 
target  tracking  as  indicated  in  Section  3.1.2  or 
with  other  missiles  in  saivo  operation. 

Multiple  ray  tracing  os  performed  in 
References  34,  36  and  37  will  provide  a  more 
rigorous  method  of  calculating  refractive  effects 
over  a  range  of  rocket  exhausts. 

4.2, 6.2  Transverse  Refraction 

The  interaction  of  a  focused  microwave 
beam  propagated  transversely  through  a  plume 
can  be  developed  using  the  same  method  as  that 
for  the  longitudinal  case.  Refraction  of  a  single 
ray  by  a  homogeneous  plume  will  undergo  a 
change  in  direction  and  path  length.  Summation 
cf  all  such  rays  arriving  at  the  receiver  wili  result 
in  a  distorted  wave  pattern  with  variations  of 
phase  and  amplitude  ucross  the  wave  front.  A 
non-homogeneous  plume  increases  the 
complexities  of  calculation  since  changes  of 
refractive  index  gradients  within  the  plume  must 
be  considered  as  (he  ray  progresses  through, 

The  energy  in  a  focused  microwave  bcum 
has  been  reported  to  vary  as  a  first  order  Bessel 
function  of  the  first  kind. 

Figure  6-28  compares  experimental 
transverse  attenuation  data  from  firings  of  three 
motor  sizes  containing  identical  propellant  with 
the  results  of  (he  transverse  refraction  model. 
The  refraction  model  agrees  with  the  data  lur 
better  than  the  simpler  attenuation  model.  In 
using  the  model,  a  beam  radius  of  0.05m  and 
beam  focal  length  of  1.0m  were  assumed. 

4.2.7  Emission 

The  physical  processes  governing  thermal 
emission  from  rocket  exhaust  plumes  at 
millimetric  wavelengths  have  been  examined  by 
Sume.  (6]  The  mechanisms  considered  were 
free-free  electron  emission  (brcmsstrahlung), 
molecular  band  emission,  free-bound  electron 
emission,  and  the  emission  from  aluminium  oxide 
particles  in  the  exhaust.  The  dominant 
mechanism  was  found  to  he  the  free-free 
continuum  emission  from  electrons,  and  is  the 
only  mechanism  considered  in  this  treatment. 


The  monochromatic  emission  intensity  along 
a  tine  of  sight  of  path  length  L  through  a 
non-isotropic,  non- isothermal  medium  is  given  by 

I  (A)  =  J  fcxp  [-  J'(K  (O  dL'l  K(f)  I  (f,  A)  dl 

(4.6) 

where  IR  (l.  A)  is  the  local  black  body  emission 
and  K(()  is  the  absorption  coefficient  at 
wavelength  A.  The  absorption  coefficient,  at 
angular  frequency  (cu  —  2nwdk),  of  a  plasma 
with  no  magnetic  field  present  is  given  by  Sume. 


K  =  2u>  n2/c 

where  c  is  the  velocity  of  light  and  n2  is  the 
imaginary  part  of  the  complex  refractive  index 
(n). 

Following  Sume 

n2  a  (nj-in2)2 

=  1  -  X  (1  —  I  Z)'1 


Assigning 

x  =  cup2  at2  and  /.  =  veu"1 

with  v  as  the  electron-neutral  molecule  collision 
frequency  and  cu„  as  the  plasma  frequency  given 
by 

wp2  =  Nc  e2/e0m 

where  Nc  is  the  electron  density,  c  and  m  are  the 
electronic  charge  and  mass  respectively  and  eQ  is 
the  permittivity  of  free  space,  one  now  obtains  :- 
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or  if 


m2  <<  v2  +  u?  and  v2  <  a>2,  or  if  v2  >  nr 

X  7. 

n2~  -  n 

2  (1  +  *  ) 


Hence,  if  temperature,  electron  con¬ 
centration  and  electron-neutral  molecule  collision 
frequency  are  known  along  the  tine  of  sight,  the 
emission  can  be  calculated,  The  quantities  cun  all 
be  predicted  for  a  rocket  exhaust  jet  using  plume 
programs  such  as  REP  or  SPP. 

The  black  body  emission  is  given  by  the 

Planck  equation 

lu=  C(  X5{  exp  <C2MT)  -  l)'1  (4.7) 


Since  apparent  brightness  temperatures  are 
required,  the  black  body  emission  equation  is 
simplified  by  ignoring  the  first  term  <C ,  /'A ' ,),  and 
the  apparent  brightness  temperature  is  calculated. 

The  engineering  quantity,  Apparent 
Brightness  Temperature,  Is  here  defined  us  that 
temperature  which  is  required  in  Equution  4.7  to 
give  (he  same  output  emission  as  in  Equation  4.h 
at  wavelength  A. 

A  simplified  three-dimensional  geometry 
treatment  is  used  to  define  the  lines  of  sight.  The 
position  of  any  point  along  these  lines  of  sight 
may  be  transformed  into  the  plume  frame  of 
reference,  and,  using  linear  Interpolation,  the 
values  of  temperature,  electron  density  and 
collision  frequency  at  any  point  cun  he  calculated 
from  the  plume  output. 

Provision  can  also  be  made  for  the  possible 
transmission  of  background  radiation  from 
sources  on  the  far  side  of  the  plume  to  the 
detector.  A  uniform  apparent  brightness 
temperature,  specified  by  the  user,  is  assumed  for 
the  background  radiation.  This  is  udded  to  the 
total  calculated  emissions  ut  the  end  of  each  line 
of  sight,  and  is  taken  us  the  total  emission  for 
lines  of  sight  which  do  not  intersect  the  plume. 

5.0  REDUCTION  OF  EXHAUST  INTER¬ 
FERENCE  AND  SIGNATURE 

It  should  he  the  aim  in  rocket  design  to 


produce  a  motor  that  yields  no  guidance  or 
tracking  problems  and  offers  minimal  signature. 
Throughout  the  chapter  microwave  attenuation, 
scattering  and  emission  have  been  directly 
associated  with  the  ptc  .ice  of  free  electrons  in 
the  exhaust  brought  alxmt  by  ionisation  of 
impurities  at  exhaust  icmnivaiurc, 

5.1  Cheinl- 1 1  Modification 

Readily  ionisahlc  alkali  metal  Impurities  are 
u  mujor  source  of  free  electrons  in  rocket 
exhausts.  Of  these,  sodium,  potassium  and 
calcium  arc  commonly  encountered,  forming  a 
small  but  significant  constituent  of  the  propellant. 
Typical  concentrations  of  these  metals  in  solid 
rocket  motors  would  be  30ppm  by  weight  of 
potassium  and  lOOppm  of  sodium  (and  even 
higher  levels  of  calcium)  depending  upon  the  type 
of  propellant  and  its  method  or  manufacture. 
Complete  removal  of  these  impurities  from 
propellants  is  difficult  and  prohibitively  expensive. 

Composite  propellants  incorporate  calcium 
in  the  phosphate  form  to  reduce  agglomeration  in 
ammonium  perchlorate,  while  the  hydroxide  is 
used  to  counter  the  acidity  of  nitro-ccllulose  in 
double  base  propellants, 

The  ionisation  process  is  very  much 
dependent  upon  exhaust  temperatures,  should  they 
he  lowered  the  electron  population  will  then  show 
a  marked  decline,  reducing  the  severity  of 
microwave  attenuation.  Ultimately,  if  the  plume 
is  prevented  from  burning,  very  little  or  no 
attenuation  is  evident. 

Exhaust  combustion  is  supported  by 
flame-propagation  of  Tree  radicals  like  H  and  OH 
and  rapid  i  tnoval  of  these  rudiculs  is  the  aim  of 
combustin'-  suppression.  Although  paradoxical, 
potassium  salts  introduced  into  double  base 
propellants  us  a  small  percentage  of  the  propellant 
cun  stimulate  the  radical-removing  reaction 
processes. 

K  +  OH  ♦  M  —  KOH  ♦  M 
KOH  ♦  H  -  K  +  HzO 

Sodium  has  similar  reaction  properties  but, 
weight  for  weight,  is  unlikely  to  better  potassium. 
An  important  aspect  of  flume  suppression  agents 
Is  (hat  they  should  uct  in  the  gas  phase  tathcr 
thun  produce  condensed  products.  Potassium 
compounds  have  been  shown  to  he  effective 
suppressants  for  double  base  propellants  (38,39, 

41 1' 
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Some  alkaline  earths  have  been  considered, 
notably  molybdenum,  iron  cobalt  and  tungsten. 
[40) 

Suppression  additives  can  be  introduced  in  a 
variety  of  ways,  the  most  common  being  as  a 

propellant  ingredient  hill  other  methods  such  as 
annular  spray  rings,  ablating  rods  or  collars  and 
charge  or  throat  coatings  are  possible.  While 
static  rocket  firings  arc  used  to  assess  the 
performance  of  additives  it  must  he  cautioned 
that  in  critical  ‘burn/no-burn’  eases  the  turbulence 
of  forward  velocity  or  oilier  perturbations  in 
flight  tnay  influence  the  onset  of  exhaust 
combustion.  Wind-tunnc1  tests  or  ultimately 
flight  tests  may  he  necessary  to  ensure  complete 
confidence. 

The  case  for  composite  propellants  is  one 
where  total  suppression  is  unlikely  to  be 
successful.  Some  relief  from  attenuation  can  be 
achieved  by  the  introduction  of  certain  metallic 
compounds  into  the  exhaust  which  will  lower  the 
free  electron  concentration.  Two  chemical 
mechanisms  are  suggested.  One  involves  the 
process  of  electron  attachment  where  free 
electrons  are  replaced  by  heavy,  slow  moving, 
negative  Ions  which  contribute  very  little  to 
microwave  absorption  |43|.  Using  molybdenum  as 
an  example,  such  mechanisms  could  he 


c'  +  >I2Mo04  -  HMoO,*  .  II 
e‘  +  H2MoO,  -  Mot)-/  .  11,0 

These  reactions  must  over-ride  the  already  aelitic 
reaction 

e'  *  MCI  •  IT  -  II 


The  other  mechanism  has  the  object  of  lowering 
the  free  radical  concentrations  in  the  exhaust  (nil 
not  to  the  point  of  flame  extinction.  If  chlorine  is 
present  in  the  plume  then  in  general  the 
ionisation  of  alkali  melalst.A;  takes  the  lortti 


ACT  *  AH  -*  A*  -  e"  *  IK.:  •  ll; 

where  conceit  I  rat  ions  of  .  let  irons  je'|  can  ipticklv 
fall  if  those  of  H  (the  hydrogen  atom)  drop  |44|. 
It  is  iiii|H)itani  that  the  additive  should  remain  in 
the  gas  phase  in  the  exhaust.  equally  it  .liould  not 


form  stable  compounds  with  the  chlorine. 

With  double  base  propellants  it  might  be 
argued  that  any  additive  forming  stable  negative 
ions  in  the  exhaust  will,  in  some  measure,  reduce 
free  electron  concentrations,  particularly  since 
|CI'|  is  not  being  generated. 

6.D  RECOMMENDATIONS 

It  bus  long  been  recognised  that  to  fully 
evaluate  the  microwave  properties  of  a  rocket 
motor  exhaust  for  a  s|>ccil'ic  role,  flight  tests 
should  lie  undertaken  in  the  projtoscd  operational 
environment.  This  is  known  to  be  very  expensive 
when  the  full  range  of  operating  temperatures, 
altitudes  and  velocities  are  represented.  Also 
missile  manoeuvres  and  infoimution  on  flight 
attitude  at  any  instant  cun  make  the  recording  of 
accurate  flight  data  a  difficult  task.  Added  to 
this  is  the  fact  that  flight  tests  can  only  come  at 
the  post  design  stage  when  the  programme  is  well 
advanced.  Any  fundamental  changes  at  this  point 
are  often  strongly  resisted  and  a  compromise 
enters  the  project,  Theoretical  plume  studies 
offering  reliable  predictions  at  the  lime  when 
design  options  are  being  considered  would  lx1  the 
ideal  way  lo  optimise  propulsion  performance 
against  plume  effects.  Although  well  progressed, 
plume  technology  has  yet  to  reach  the  stage  where 
modelling  techniques  preclude  recourse  to 
experiments.  The  aim  of  a  plume  study  group 
mnu  he  lo  perfect  these  techniques  supported  by 
validation  from  well  conceived  experiments. 

It  is  recommended  that  theoretical  studies 
liould  be  undertaken  to  understand  the  chemical 
and  therinodvtiauiie  properties  of  the  plume 
Now  field  leading  i<>  its  microwave  signature  and 
propagation  characteristics.  For  any  proposed 
propulsion  system  they  must  he  hacked  by 
validation  in  test  facilities  of  the  kind  discussed 
here  and  in  Section  .1.1. 

6,1  Test  Objectives 

In  order  that  research  and  missile  projects 
can  be  supported,  facilities  for  measuring  rocket 
exhaust  microwave  projicrtics  should  he  broad 
ranging  with  maximum  flexibility.  The  following 
requirements  are  offered  as  objectives  :- 

(i)  In  provide  experimental  data  for  new 
research  concepts. 

(ii)  To  conduct  experiments  for  the 
validation  of  prediction  codes. 
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(iii)  To  compart-  motors  for  specific 
mission  objectives. 

(iv)  To  measure  ihc  microuswe 
characteristics  of  propellants 
containing  a  range  of  additives  for 
plume  suppression  and  other 

interference  relief. 

(v)  To  evaluate  rocket  motors  for  scvicc 
acceptance. 

6.2  Test  Facilities 

Test  facilities  are  expensive  and  not  all 
interested  plume  groups  feel  free  to  commit  large 
sums  of  money  lo  fund  the  options  available. 
They  fall  into  three  main  categories 

(I)  Static  firings  at  sea-level. 

(ii)  Free  How  velocity  simulation  using 
wind  tunnels  or  high  velocity  sledge 
tracks. 

(iii)  Simulation  or  altitude  and  free  How 
velocity  in  chambers. 

6.2.1  Static,  Sea-level 

Of  the  facilities,  the  most  versatile  Is  the 
open  range,  static  firing  site  where  short  and  long 
range  microwave  measurements  can  he  conducted 
and  where  the  various  smoke  and  emission  tests, 
outlined  in  the  previous  chapters,  can  also  he 
accommodated.  For  example,  some  emission 
measurements  with  passive  instrumentation  cun  he 
combined  with  microwave  measurements.  Other 
combinations  spring  readily  to  mind. 

It  should  be  possible  to  lire  a  full  range  of 
motors,  in  both  physical  size  and  thrust  and,  to 
maximise  site  use.  restrictions  imposed  by 
proximity  to  other  installations  or  acoustic 
sensitive  environments  should  he  avoided. 

Instrumentation  should  have  ease  of 
deployment  und  he  able  to  view  the  plume  from 
all  aspect  angles  and  front  a  variety  or  distances. 
For  longitudinal  microwave  exhaust  propagation 
experiments  the  propagation  paths  must  he  free 
from  obstruction  or  any  structure  likely  lo 
introduce  multipath  reflections.  This  includes 
ground  reflections,  consequently  an  elevated 
thrust  stand  may  he  considered  necessary  lo 
ensure  integrity  of  measurement.  Variation  in 
aspect  angle  is  often  accomplished  by  rotation  of 
the  motor,  which  has  the  advantage  of  least 


disturbance  to  the  microwave  equipment  and 
affords  an  economy  in  motors  if  they  have 
burning  times  that  allow  angular  sweep  operation 
during  firing.  Obviously,  antennae  polar  patterns 
should  reflect  this  movement  in  that,  for  forward 
scatter,  with  the  receiving  antenna  attached  to  the 
motor  in  tl.c  no/.zlc  exit  plane,  the  energy  from 
the  transmitter  must  illuminate  the  whole  plume  if 
true  sideband  noise  levels  are  to  be  obtained. 
Polar  patterns  tailored  to  the  location  are 
advisable  to  avert  the  possibility  of  spurious 
reflections  entering  the  receiver.  Some  beam 
shaping  is  seen  in  Figure  6-5  where  the  antenna 
was  used  on  the  elevated  firing  facility  mentioned 
in  Section  4.1. 1.1. 

Transverse  plume  measurements  are  usually 
made  over  very  short  distances  between  focused 
beams.  They  urc  normally  of  a  diagnostic  nature, 
as  a  research  probe,  for  prediction  validation  or 
comparative  measurement,  one  motor  with 
another.  Short  signal  paths  bring  the  mlcrowavo 
equipment  close  to  the  rocket  motor  and  its 
exhaust  -where  ground-home  and  air-borne 
vibrations  can  be  a  problem  and  radiant  heat 
damage  a  possibility.  A  major  facility 
requirement  Is  that  the  support  carriage  bearing 
the  microwave  system  should  be  able  to  travel  the 
complete  length  of  any  rocket  plume  under  test. 
Equally,  the  minimum  vortical  travol  must  take 
the  microwave  beam  diameter  through  the  full 
diametric  range  or  the  exhaust,  For  an  exhaust 
having  symmetry  about  the  motor  axis  this  r.eed 
only  be  just  heyond  the  radius,  but  it  must  be 
remembered  that  there  may  be  angled  or  multiple 
no/./le  motors.  For  both  longitudinal  and 
transverse  measurements.  where  research 
versatility  is  important,  the  installation  of  a  gas 
engine  nr  liquid  propellant  engine  can  be  of 
benefit.  Variations  of  thrust,  mixture  ratio,  length 
of  burn  and  chemical  seeding  can  he  readily 
achieved.  The  Initiul  installation  costs  of  these 
engines  may  he  quite  high  hut  running  costs, 
assuming  a  good  use  rate,  arc  low. 

6.2.2  Free  Flow  Velocity  Simulation 

Longitudinal  measurements  arc  not  often 
attempted  In  the  confined  space  of  a  wind  tunnel 
where  access  is  difficult  and  give  rise  to  scattering 
and  multipath  uncertainties  in  the  experimental 
data  obtained.  Attempts  have  been  made  to 
provide  interna!  absorption  liners  but  these  are 
harshly  treated  by  the  environment.  However, 
wind  tunnel  exits  can  be  fabricated  to  produce 
airflow  over  the  missile  body  which  simulate 
night  velocity  conditions,  uiven  that  the  wind 
tunnel  exits  to  an  open  site  area  a  range  of 
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microwave  measurements  can  be  undertaken  both 
transverse  and  longitudinal.  It  must  lx* 
emphasised  that  for  the  latter  case,  spurious 
microwave  reflections  entering  the  receivers  from 
any  nearby  objects  or  the  ground  must  he  made 
negligible,  also  any  airflow  interaction  with  the 
ground  downstream  of  the  tunnel  exit  may  make 
conditions  for  longitudinal  measurements 
unacceptable. 

Sleds  propelled  by  the  rocket  along  high 
velocity  tracks  can  simulate  night  conditions  but 
their  use  for  longitudinal  microwave 
measurements  leave  doubt  about  the  results 
obtained.  It  must  be  kept  in  mind  that  although 
prefiring  multipath  reflections  can  be  reduced,  the 
dynamic  case  raises  the  possibility  of  plume 
refraction,  diffraction  or  scattering  causing 
unwanted  returns  from  the  track  and  nearby 
objects.  This  method  of  measurement  should  he 
approached  with  caution. 

( 1,3.3  Altitude  uml  Velocity  Simulation 

These  measurements,  again  mulnly 
transverse,  more  nearly  represent  those  of  flight, 
It  might  he  argued  that  beeuil.se  of  the  control 
available,  the  amount  of  Information  gained  Is 
more  useful  and  cost  effective  than  dial  of  flight 
triuls  where  Interpretation  Is  difficult.  Such 
facilities  have  good  value  hi  research  mid 
prediction  vulfdution  when  studying  plume 
expansion  with  altitude,  nozzles,  base  flow  effects, 
propellants  and  additives,  They  provide  the 
design  team  with  confidence  to  proceed  with  a 
project  bucked  by  strong  experimental  evidence  lo 
support  predictions  which  tun  then  he  translated 
to  meet  operational  needs, 
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Thrust  =  222.4N.  All.  =  iOktn  tc  1 1.6km 

6-9  Measured  Transverse  Attenuation  versus  Altitude  lor  the  Plumes  of  Two  Composite  Motors. 
Frequency:  Nominally  10GHz.  (Sealed  by  inverse  root-thrust) 

6-10  In-Flight  Attenuation  for  Propellant  "C  (Rolling  Missile) 

6  1 1  Right  Attenuation  for  Propellant  of  Fig  6-Sb. 

Aspect  Angle  Range:  2  degrees  at  3.048km  to  10  degrees  at  10.67km  and  above 

<»- 1 2  Emission  Apparent  Brightness  Temperatures  for  Composite  Propellant  Motor  in  Two  Wavebands 

6-13  Emission  Apparent  Brightness  Temperatures  for  Double  Base  Propellant  Motor  in  Two  (Vavebands 

6-14  Calculated  Plume  Properties  for  Motor  Filled  with  AJuminised  Composite  Propellant.  Static, 
Sea-Level 

6-15  (a)  Attenuation  Comparison  between  Longitudinal  and  Transverse  Measurement  for  4.45kN 
Thrust  Motors  (Except  as  noted) 

(h)  Comparison  of  Calculated  Absorption  Loss  (A)  with  Experimental  Insertion  Loss  (I) 

6-16  Comparison  of  Calculated  Plume  Properties  for  Propellant  "C".  Effect  of  Base  Recirculation 
6-17  Calculated  Full-Scale  Plume  Properties  for  Propellant  'C 

6-18  Comparison  of  Measured  and  Calculated  Longitudinal  Attenuation  for  a  Rocket  Motor  with  5%A1 
and  88%  Solids  Propellant  Loading 

6-19  Forward  Scatter.  Comparison  between  Measured  Amplitude  Modulated  Noise  and  Prediction 

6-20  (a)  Total  Doppler  RCS  Spectrum,  US  Motor  (BB) 

(b)  RCS  Spectra.  Comparison  between  Flight  Data  and  Calculations.  US  Motor  (BB) 
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6-21  RCS  total  Spectra  (RATSCAT).  Solid  Rocket  Motors  Containing  Aluminium 

6-22  Comparison  of  Predicted  and  Measured  Attenuation  Against  Receiver  Displacement  for  Three 
Aspect  Angies 

6-23  Comparison  of  Line-of-Sight  and  Diffraction  Calculations  against  Attenuation  Measurement. 
Motor  Propellant:  20%AJ/88%  Solids 

6-24  Comparison  of  Measured  Attenuation  for  a  20%Al/88%  Solids  Loaded  Motor  with  Calculated 
Diffraction  Theory  for  a  Plume  Model  and  a  0.127m(5")  Diam,  Aluminium  Cylinder. 

(Frequency  -  Nominal  10GHz) 

6-25  Comparison  between  Measured  Attenuation  and  Diffraction  Theory  for  a  Range  of  Rocket  Motors. 

6-26  Comparison  between  Calculated  Diffraction  Signal  and  Attenuation  Measurement.  Double  Base 
Motor,  Thrust  30kN.  Frequency  10GHz 

6-27  Comparison  of  Linc-of-Sight  and  Refracted  Ray  Calculations.  Motor  Propellant:  12%Al/88%  Solids 

6-28  Comparison  between  Measured  Attenuation  and  Calculated  Attenuation  with  and  without 
Refraction 


Fig.  6-1  Diagram  Showing  (*)  Propagation  Geometry 

(b)  Co-ordinate  System 
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Fig.  6-2  (a)  Transmitter  and  Receiver  Assembly 

(b)  On  axis  Transverse  Attenuation  with 
Nozzle  Exit 


Attenuation  (dB) 


Aspect  Angie  (Degrees) 


Pig.  6.3  Diagonal  I-Band  (Nominally  10GHz)  Attenuation  Data  for 
Composite  Propellant  Motors.  Static.  Sea-Level  Firing.  4.45kN 
Thrust,  Transmitting  Antenna  in  Exit  Plane.  5  Exit  Radii  from 


Nozzle  Centreline.  (R/R„=5). 


Fig.  6-4  Attenuation  Measuring  Equipment.  Schematic  Diagram 
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Horizontal  Plane 


Fig.  6-5  TxAntenna  Polar  Diagram.  Vertical  Polarization 
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Rx-Aoicniu  Polar  Diagram.  Vertical  Polarization 
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Fig.  6-7  Forward  Scatter  Spectra.  AM  and  PM  Noise  Modulation 
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1.01b  thrust  -  4.44822N 
1.0ft  »  0.3048m  ■  12  inches 


g.  6-9  Measured  Transverse  Attenuation  versus  Altitude  for  the  Plumes 
of  Two  Composite  Motors.  Frequency:  Nominally  10GHz. 
(Scaled  by  inverse  root-thrust). 
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Fig.  6-11  Flight  Attenuation  for  Propellant  of  Fig.  6-8b. 

Aspect  Angle  Range;  2  degrees  at  3.048km  to  10  degrees  at 
10.67km  and  above 
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Fig.  6-12  Emission  Apparent  Brightness  Temperatures  Tor  Composite 
Propellant  Motor  in  Two  Wavebands 
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Fig.  6-13  Emission  Apparent  Brightness  Temperatures  for  Double  Bam 
Propellant  Motor  in  Two  Wavebands 


Calculated  Plume  Properties  for  Motor  Filled  with  Aluminised 
Composite  Propellant.  Static,  Sea-level. 
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Fig.  6-15  (a)  Attenuation  Comparison  between  Longitudinal  and 
Transverse  Measurement  Tor  4.45kN  Thrust  Motors 
(Except  as  noted) 


(b)  Comparison  of  Calculated  Absorption  Loss  (A)  with 
Experimental  Insertion  Loss  (I) 


Attenuation  Radial,  Position  Raduri  Position 
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(a)  Temperature  Profiles 
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(c)  Predicted  I  Sand  Attenuation 


WIND  TUNNEL  DATA  (ADJUSTED) 


SEA  LEVEL  STATIC  CALC 
SEA  LEVEL  STATIC  DATA 

\  CALC  NO  BASE 


o.s  1 

Axial  Poeltlon  (m) 


Fig.  6-16  Comparison  of  Calculated  Plume  Properties  for  Propellant  MC. 
Effect  of  Huso  Recirculation 
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BASE  T  (K)  MACH  2.2  SEA  LEVEL 


(b)  Calculated  I  Band  Attenuation 
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Fig.  6-17  Calculated  Full-Scale  Plume  Properties  for  Propellant  "CM 
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Doppler,  23.9km,  1890ms'1,  381* 
Total  Integrated  RCS  ■  -7.1  dDsm 
Doppler  Velocity,  20ms1  per  Division 

-  176.8  Hz 
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Pig.  6-20  (a)  Total  Doppler  RCS  Spectrum.  US  Motor  (BB). 

(b)  RCS  Spectra.  Comparison  Between  Flight  Data  and 
Calculations.  US  Motor  (BB) 


RICHVIR  DISPLACEMENT  FROM  MOTOR  AXIS  (cm) 

Fig.  6-22  K  and  I  Uand.  Comparison  of  Predicted  and  Measured 
Attenuation  Against  Receiver  Displacement  for  Three  Aspect 
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Fig.  6-23  Comparison  of  Linc-of-Sight  and  Diffraction  Calculations  against 
Attenuation  Measurement.  Motor  Propellant:  20%Al/88%  Solids 


Fig.  6-24  Comparison  of  Measured  Attenuation  for  a  20%AI/88%  Solids 
Loaded  Motor  with  Calculated  Diffraction  Theory  for  a  Plume 
Model  and  a  0.127ni  (5")  Diam  Aluminium  Cylinder. 

(Frequency  =  Nominal  10GHz) 


>25  Comparison  between  Measured  Attenuation  and  Diffraction 
Theory  for  a  Ranee  of  Rocket  Motors 


+  10 
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REFRACTED 


6-27  Comparison  of  Linr.nf  ei  » 

Mo.or  Propellant:  IMAVtK  Solid,  R'fr“C''d  R“5’  C“lcul' 
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Attenuation  (dB) 


Fig.  6*28  Comparison  between  Measured  Attenuation  and  Caiculatco 
Attenuation  with  and  without  Refraction 


APPENDIX  1 
Glossary 
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ACTIVE  GUIDANCE  -  A  Term  of  missile 
guidance  in  which  the  missile  emits  radiation 
(usually  RF)  and  subsequently  homes  in  on  the 
signal  reflected  from  the  target. 

AFTERBURNING  -  Is  the  term  applied  to 
rcignition  and  combustion  of  exhaust  fuel 
products  such  as  carbon  monoxide  or  hydrogen  in 
the  mixing  region  of  the  rocket  exhaust  as  they 
combine  with  oxygen  and  burns  externally  to  the 
rocket  motor, 

AIRY  DISC  •  In  optics  the  diffraction  pattern 
formed  by  a  circular  aperture  consists  of  a  bright 
central  disk  surrounded  hy  fainter  rings.  The 
central  disk  is  known  us  Airy's  disk  because  he 
first  described  the  mathematical  solution  for  thu 
intensity  distribution. 

ALBEDO  -  A  measure  of  the  reflecting  power  of 
un  object,  defined  as  the  ratio  of  the  radlutlon 
reflected  from  an  object  to  the  total  amount 
incident  upon  it.  The  albedo  from  the  earth  is 
generally  considered  to  he  approximately  30%  but 
locul  variations,  l.e.  water  surfaces,  may  he  as 
high  as  80%. 

AI.MPS  -  A  code  used  hy  US  Air  Force  lor  the 
generation  of  statistical  climatic  data. 

AMMONIUM  PERCHLORATE  •  An  oxkllser 
compound  commonly  found  in  composite 
propellants.  The  decomposition  products  include 
hytirogen  chloride  which  contributes  to  secondary 
smoke  condensation  through  reduction  of  the 
saturation  vapour  pressure  of  ambient  water. 

ATTENUATION  -  A  term  that  describes  the 
decrease  in  intensity  of  a  beam  of  energy 
propagated  through  a  medium,  c.g.  exhaust  plume, 
as  a  result  or  absorption,  scattering,  or  a 
combination  of  both. 

ATMOSPHERIC  WINDOWS  •  Arc  regions  of 
the  electromagnetic  radiation  spectrum  in  which 
the  atmosphere  is  relatively  transparent. 

AUTONOMOUS  •  Describes  u  missile  guidance 
scheme  in  which  the  detection  and  target  trucking 
systems  are  entirely  onboard  the  missile,  e.g,  an 
IR  seeker  system. 

BANC  OPACIMKTRIQUE  -  An  SNPF  motor 
test  facility  based  on  an  open  firing  room 
Instrumented  for  smoke  measurements. 

BASE  FLOW  Is  the  aerodynamic  flow 
phenomenon  that  produces  pressure  disturbance, 


flow  field  separation  or  recirculation  effects  in 
missile  flight  plumes  which  cannot  be  predicted 
by  analysis  of  static  firing  plumes. 

BEER-LAMBERT  EQUATION  -  Also  known  as 
the  Lumbcrt-Bccr,  Beer's  or  Bougucr  equation 
which  relates  the  log  of  the  transmittance  to  an 
extinction  coefficient  times  the  thickness  of  the 
transmitting  medium.  When  the  medium  Is  a 
cloud  of  particles  the  extinction  becomes  a 
function  of  the  projected  area  concentration,  l.e. 
number  density,  path  length,  size  distribution,  and 
extinction  efficiency  of  the  particles. 

BRIGHTNESS  -  In  photometry  brightness  of 
luminance  is  the  visible  flux  umitted  per  unit 
surface  area  per  unit  solid  unglc.  The  SI  unit  of 
luminance  is  ed/m2.  There  Is  no  numerical 
equivalence  between  photometric  lutninuncc  and 
radiometric  radiance  because  of  variations  in 
source  and  receiver  sensitivity  versus  wavelength, 

CHEMILUMINESCENCE  -  Describes  the 
radiation  process  caused  by  excitation  of  utoms  or 
molecules  through  chemical  reaction  within  ihe 
exhaust  plume, 

CHOKING  -  A  condition  which  uriscs  when  a 
compressible  fluid  hits  reached  its  maximum  limit 
of  mass  flow  In  u  De  Laval  nozzle  choking  limits 
the  flow  to  Mach  i  at  the  throat  and  the  flow 
velocity  can  only  he  Increased  in  the  diverging 
section. 

C'lE  -  Commission  Internationale  de  I’F.clairagc 
(International  Commission  on  Illumination) . 

CLOS  (Command  to  Line  of  Sight)  -  A  form  of 
guidance  in  which  the  missile  is  commanded  to 
fly  a  target  intercept  trajectory  relative  to  the 
direction  defined  hy  a  largcl/misslle  tracker.  This 
method  requires  two  way  communication  with  the 
missile  either  hy  means  of  an  IR,  RF,  wire,  or 
fibre  optic  link. 

COLLISION  BROADENING  -  Is  u  spreading  or 
the  frequency  distribution  about  a  particular 
emission  or  absorption  spectral  line  caused  by 
Interaction  with  other  molecules.  The  collision 
broadened  line  may  he  described  by  Ihe  Lorentz 
line  shape. 

COMBUSTION  INSTABILITY  -  Acoustical 
vibration  energy  in  u  rocket  motor  that  may  be 
observed  us  pressure  oscillations  capable  of 
propellant  extinguishment,  fracture,  or  pressure 
hursts.  The  addition  of  metal  or  refractory 
powders  m  small  amounts  has  been  found  to 
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reduce  (he  oscillations  that  lead  to  combustion 
instability. 

COMPOSITE  PROPELLANT  -  A  grain  of 
heterogeneous  mixture  with  oxidizer  crystals  and 
possibly  powdered  fuel  (usually  aluminium)  held 
together  by  a  matrix  of  synthetic  rubber  or 
plastic. 

CONDENSATION  NUCLEI  -  Submicron  particles 
consisting  mostly  of  condensed  solids  that  serve 
as  seed  particles  for  vapour  condensation  and 
growth  of  secondary  smoke. 

CONTINUUM  ■  Refers  to  the  radiation  spectral 
energy  distribution  exhibited  by  solids  (or  exhaust 
particulates)  as  described  by  the  Plank 
distribution  function. 

CONTRAIL  -  UK  code  for  calculation  of  the 
visual  contrast  of  u  smoke  nr  condensation  trail 

CONTRAST  •  A  mathematical  expression  of  the 
relative  brightness  difference  between  a  target  and 
Its  background  rutiued  to  the  brightness  of  the 
background. 

CRITICAL  RADIUS  -  Is  the  minimum  size  for 
stability  of  a  droplet  us  determined  by  ambient 
temperature,  pressure  and  humidity. 

CURTIS-GODSON  APPROXIMATION  -  An 
approximate  teehnlt|iie  for  the  calculation  of 
transmissivity  of  inhomogeneous  gases  using  a 
multiplicative  procedure. 

DIFFRACTION  -  Is  the  term  used  to  describe  the 
interference  (phase  cancellation)  effects  that  occur 
when  radiation  encounters  an  aperture  or  other 
partial  obstruction  c.g.,  u  rocket  plume.  In  optics 
see  Fraunhofer  or  Fresnel  diffraction. 

DOPPLER  BROADENING  -  Is  the  spectral  line 
broadening  that  is  a  result  of  the  spread  in 
frequency  due  to  thermul  motion  of  the  utoms  or 
molecules. 

DOUBLE-BASE  PROPELLANT  (DB)  -  A 
propellant  consisting  of  nitrocellulose  und 
nitroglycerin  with  burning  rate  or  combustion 
instability  additives.  Two  subgroups  ure  Extruded 
Double  Base  (EDB)  und  Cast  Double  Base  (CDB) 
propellants, 

DROP  -  Code  for  the  prediction  of  secondary 
smoke  formation  developed  ut  US  Army  MICOM 

ECARTOMETRY  •  A  guidance  system  in  which 


the  underlying  principle  is  command  to  line  of 
sight.  An  operator  or  "servant”  designates  the 
target  optically  while  the  missile  follows  the 
established  line  of  sight. 

ELASTOMER  •  A  polymeric  material  such  as 
rubber  which  will  stretch  under  stress  and  return 
to  approximately  its  original  length  when  the 
stress  is  removed. 

ELECTRICAL  PLUME  -  A  general  term 
referring  to  the  free  electrons  and  Ions  that  affect 
electromagnetic  beam  propagation  through  and 
around  the  plume. 

ELECTRON  DENSITY  -  Refers  to  the  number  of 
free  electrons  per  unit  volume  In  a  rocket  exhaust 
plume.  ED  has  a  direct  correlation  with 
microwave  radiation  attenuation  loss, 

EMCDB  •  Acronym  for  Elastomer  Modified  Cast 
Double  Base,  a  subgroup  of  the  double  base  family 
of  propellants  offering  enhanced  mechanical 
properties  at  low  temperatures. 

ENERGETIC  BINDERS  -  A  combination  or 
Ingredients  consisting  of  prepolymers,  curing 
agents,  energetic  plasticizers,  or  bonding  agents 
that  not  only  gives  strength  to  u  solid  propellant 
grain  but  contains  energy  producing  molecules, 
e.g,  nitroglycerin. 

EROSIVE  BURNING  -  The  accelerated  burning 
of  solid  propellant  due  to  action  or  gas  flow 
parallel  to  the  burning  surface. 

FAR  FIELD  •  A  general  term  describing  the 
relative  scale  effects  of  energy  diffraction  patterns 
as  a  function  of  the  ratio  of  object  diameter  to 
wavelength.  In  the  fur  field  the  diffraction 
patterns  are  not  as  well  defined  us  in  the  near 
field. 

FLASH  -  A  term  used  to  describe  the  visible 
emission  or  luminous  intensity  of  a  rocket  exhaust 
that  may  reveal  the  launch  site  to  an  enemy 
observer.  Afterburning  flush  is  particularly  a 
problem  for  night  firings  und  cun  be  reduced 
through  the  use  of  suppressants. 

FREE-FREE  EMISSION  -  Is  the  radiative  process 
whereby  free  electrons  collide  with  other  electrons 
und  ions  and  produce  continuum  radiation  called 
Brcmsslrahlung. 

FTIR  -  Acronym  for  Fourier  Transform  Infrared 
spectrometer  which  is  based  on  Fourier  analysis 
of  interferometer  signals  to  determine  the  spectral 
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distribution  of  radiation,  The  instrument  may 
also  be  classed  as  a  spcctroradiomclcr  which  is 
calibrated  to  measure  radiation  intensity  versus 
wavelength. 

FUMIMETRE  -  A  French  (SNPE)  motor  smoke 

test  facility  that  uses  a  fan  driven  wind  tunnel, 

HCT  •  Also  MCT  or  HgCdTc,  Mercury  Cudmlum 
Tclluride  semiconductor  material  used  for 
detection  of  far  infrared  wavelengths, 

HETEROGENEOUS  CONDENSATION  •  Is  the 
process  whereby  condensation  occurs  on  solid 
particles  which  act  as  nuclei  for  thu  liquid 
droplet.  If  the  nuclei  are  soluble  the  process  is 
enhanced  through  lowering  of  the  ambient  water 
vapour  pressure.  Homogeneous  condensation  and 
growth  of  pure  water  droplets  is  less  likely  to 
occur  in  a  plume  environment, 

IIITRAN  ■  A  computer  model  tliul  calculates  high 
resolution  atmospheric  absorption  of  radiation, 

IFTA  •  In  Flight  Transmission  Analysis  model,  ait 
empirical  computer  model  developed  at  MICOM 
to  predict  laser  transmission  through  an  exhaust 
plume. 

INSENSITIVE  MUNITIONS  •  A  term  applied  to 
munitions  which  have  been  designed  to  have 
reduced  sensitivity  to  accidental  Initiation  ami 
subsequent  violent  eulluterul  damage.  In  the  US 
military  IM  refers  to  munitions  which  pass  a 
spcelfle  series  of  test  defined  hy  DoD  Sul  2105A. 

IR  -  An  ueronynt  for  infrared  radiation  which  is 
the  band  of  wavelengths  between  approximately  ,7 
and  100  micrometers.  Plume  IK  sources  may  he 
both  continuous  and  selective  radiators  hut  are 
generally  dominated  by  rotation-vibration 
transitions.  They  may  Include  both  pure 
rotational  and  some  electronic  transitions  of 
molecules. 

JANNAF  -  Joint  US  Ariny-Nuvv-NASA-Air  Force 
Interagency  Propulsion  Committee  chartered  to 
co-ordinate  technology  programs  and  promote 
technical  exchange  within  US  propulsion 
community. 

LAPP  -  Low  Altitude  Plume  Program,  an  early 
plume  flow  code  used  in  the  USA 

LOWTRAN  -  A  computer  model  that  calculates 
low  resolution  (20  wavenumbers)  atmospheric 
absorption  of  rudiution  from  0.2  to  20 
micrometers. 


MICOM  -  Acronym  for  the  US  Army  Missile 
Command  located  at  Redstone  Arsenal,  Alabama. 

MICROWAVE  •  A  region  of  the  electromagnetic 
spectrum  generally  in  the  10**  -  10 12  Hz  frequency 
range.  No  universally  accepted  standard  exists  for 
the  definition  of  microwave  frequencies. 

MICROWAVE  PROPERTIES  -  or  a  rocket 
exhaust  plume  are  those  properties  that  enhance 
or  hinder  the  detection  or  tracking  of  a  missile  by 
microwave  radiation.  The  attenuation  of  a  signal 
by  free  electrons  is  a  microwave  property  of  the 
plume. 

MIE  SCATTERING  -  Refers  to  light  scattering 
hy  particles  approximately  equal  to  or  greater 
than  the  wavelength  of  the  light,  The  Mie 
equation  reduces  to  the  Ruylcigh  equation  in  the 
limiting  ease  lor  small  particles  less  than  one 
tenth  of  the  wavelength 

MINIMUM  SMOKE  ■  A  term  used  in  describe  u 
luniily  of  propellants  whose  characteristic  is  to 
produce  the  least  amount  of  smoke  under 
specified  conditions.  Differences  In  (he 
application  of  the  term  to  certain  propellants  hus 
led  AGARD  to  propose  u  stundurd  classification 
procedure  for  NATO  countries.  An  AOARD 
class  AA  may  be  used  to  identify  this  type  of 
propellant. 

MODULATION  •  Is  any  process  that  vuries  u 
characteristic  of  u  currier  beam,  i.e.  pulse 
modulation,  frequency  modulation,  amplitude 
modulation,  etc. 

NATURAL  LINE  BROADENING  •  Limits  the 

sharpness  of  a  spectral  line  due  to  the  inherent 
energy  decay  of  the  radiating  oscillator. 

N  A  V I ER-STOK ES  EQUATION  -  The  complete 
classical  continuum  fluid  mechanic  equation  of 
motion  Including  inertial  forces,  pressure 
gradients,  body  forces,  and  viscosity.  The 
differential  equation  of  fluid  flow  can  be  solved 
hy  finite  difference  methods. 

OBSCURATION  -  The  process  of  blocking  the 
electromagnetic  energy  emanating  from  a 
potential  target  thereby  preventing  detection  of 
the  lurgel.  An  example  is  prevention  of  a  second 
shot  capability  through  obscuration  by  the  post 
firing  smoke  cloud. 

OLIVER  CURVE  -  Is  a  plot  of  relullve  humidity 
vs  temperature  which  predicts  the  condensation 
boundary  for  secondary  smoke  occurrence  for  a 
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particular  type  of  propellant.  The  theory  RAYLEIGH  SCATTERING  LIMIT  *  Particles 
developed  by  R  C  Oliver  is  based  on  equilibrium  which  arc  larger  in  diameter  than  about  one  tenth 
thermochemistry.  the  wavelength  of  the  incident  light  arc 

approuching  the  Rayleigh  limit  beyond  which  the 
OPTICAL  DENSITY  -  See  optical  depth.  general  theory  must  be  applied.  Sec  Mie 

Scattering. 

OPTICAL  DEPTH  -  The  exponent  of  the 

Beer-Lambcrt  extinction  equation.  If  the  optical  RCS  -  Radar  cross-section  refers  to  the  equivalent 
depth  exceed  a  value  of  0.5  consideration  must  he  perpendicular  area  of  reflection  that  duplicates 
given  to  multiple  scattering  effects.  the  actual  signal  received  from  a  target. 

OSA  •  Optical  Signal  Attenuation  code  used  In  REDUCED  SMOKE  -  A  description  for 

the  US  for  the  prediction  of  signal  extinction  by  a  propellants  that  have  been  tailored  to  produce  less 

rocket  plume  smoke  than  previous  formulations  that  contained 

binder  with  large  amounts  or  aluminium  and 
OTH  •  "Over  The  Horizon"  radar  system  ammonium  perchlorate,  An  AGARD  class  AC  or 

BC  may  be  used  as  an  alternative  to  this  term. 

PARTICLE  SIZE  DISTRIBUTION  -  The 

particle  number  density  or  size  parameter  vs  REFRACTION  »  Deviation  of  electromagnetic 

particle  count  In  each  bin  of  u  particle  analyser  waves  from  straight  line  propagation  due  to 

instrument.  Also  an  analytical  approximation  or  velocity  differences  (refractive  index  chungus)  in 
expression  used  to  fit  the  measured  data.  the  propagating  medium, 

PASSIVE  GUIDANCE  -  A  form  of  missile  REP  -  a  plume  How  code  used  in  the  UK 
guidance  In  which  the  missile  homes  on  natural 

ladlutlon  from  the  target  (e.g.  RF,  IR  or  visible).  RE  GUIDANCE  •  Radio  frequency  guidance,  a 
The  missile  contains  an  autonomous  seeker  that  general  term  used  to  describe  electromagnetic 
requires  no  external  illumination  of  the  target.  radiation  wavelengths  greater  than  infrared,  for 

example,  radar,  microwave,  millimeter  wave  etc. 
PLUME  INSERTION  LOSS  «  Refers  to  the  loss  that  may  he  used  for  transmitting  guidance 
of  mlcrowuve  energy  observed  at  the  detector  as  a  signals, 
result  of  the  presence  of  the  plume  in  the 

microwave  link.  The  loss  mechanisms  are  many.  ROS  •  Acronym  for  Royal  Ordnance  Summerflcld, 
See  attenuation,  refraction,  diffraction,  a  Brliisn  Aerospace  Company  located  near 
hackscatter,  uhsorptlon,  etc.  London.  England. 

PMT  -  Photomultiplier  tithes,  i.c.  high  gain 
detectors  used  for  detection  of  UV  and  visible 
rudlution.  PMT’s  usually  consist  of  cascading 
dynodes  which  amplify  the  photoclcciron. 

PROPORTIONAL  GUIDANCE  SCHEME  - 
Refers  to  a  missile  guidance  system  in  which  the 
controlling  force  I  e,  airfoil,  gas  generator  etc,  Is 
proportlonul  to  the  deviation  from  the  intended 
line  of  flight  or  trajectory 

PRIMARY  SMOKE  -  Consists  of  solid 
purtlculatcs  from  the  rocket  motor  combustion 
und/or  afterburning  products.  Metal  fuels  and 
other  combustion  control  additives  contribute 
significantly  to  primury  smoke. 

RADIOMETER  -  A  device  usuully  consisting  of 
collector  optics  in  combination  with  a  transducer 
that  converts  radiant  energy  of  a  given  bandwidth 
to  an  electrical  signal  proportional  ;o  the  intensity 
of  the  received  energy. 


SCATTERING  •  one  of  two  loss  mechunlsms  (the 
other  Is  absorption)  in  |i,v  propagation  of 
radiation.  Scattering  is  a  change  in  ciirecllon  or 
rcrudiation  of  incident  photons  caused  by 
discontinuities  (particles  or  electrons)  in  electrical 
properties  of  the  propagation  medium.  The 
direction  und  intensity  I'  scattered  radiation 
depends  upon  the  incident  wavelength,  the  size, 
shape  und  refractive  Index  of  the  particle. 

SCF  -  Signature  Characterisation  Facility  for 
ranking  of  propellant  smoke,  ruulatlon  emission 
and  uhsorptlon,  based  on  small  rocket  motor 
firings  within  a  climatic  chamber  located  at  Army 
Missile  Command,  Redstone  Arsenal,  Alubumu, 

SCINTILLATION  -  Random  signal  fluctuation 
from  a  target  being  tracked  by  radar  or  laser. 
Scintillation  may  be  caused  by  real  motion  of  the 
source  or  by  variations  in  refractive  Index  of  the 
atmosphere. 
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SEARCHLIGHT  EFFECT  -  Is  the  term  used  to 
describe  the  motor  chamber  and  nozzle  emission 
continuum  scattered  by  plume  particles  and 
detected  as  having  un  origin  within  the  plume. 

SECSMOKE  -  UK  code  lor  the  prediction  of 
secondary  smoke 

SECONDARY  SMOKE  -  Is  smoke  that  occurs 
when  exhaust  gases  mix  with  ambient  atmospheric 
water  and  condense  on  submicron  particles  that 
serve  as  nuclei  Tor  droplet  formation,  Secondary 
smoke  Is  enhanced  at  low  temperatures  and  high 
relative  humidity  and  by  the  presence  of  acid 
vapours  (typically  HCI)  and  soluble  nuclei  that 
lower  the  saturation  pressure  »i  ambient  water. 

SELF  ADSORPTION  -  Refers  to  radiation  that  is 
emitted  in  the  core  region  of  the  plume  and 
reabsorbed  In  the  boundary  luyer  or  colder  mixing 
regions,  The  observed  bunds  show  greater 
absorption  In  the  bund  centres  and  less  in  the 
wings, 

SEMI-ACTIVE  -  A  form  of  missile  guidance  in 
which  the  target  Is  Illuminated  by  a  friendly 
emitter  (e.g,  a  rudur  or  laser  Illuminator)  and  the 
missile  homes  on  the  signal  reflected  front  the 

target, 

SENSITIVITY  ■  Refers  to  the  hazardous  potential 
for  Inadvertent  Initiation  or  detonation  of 
energetic  mulcrluls  or  munitions  by  unplanned 
thermal,  mechanical  or  electrical  stimuli, 

SIGNATURE  -  A  term  which  Includes  any  or  all 
the  properties  or  characteristics  of  a  system  or  a 
rocket  motor  exhuust  that  may  he  used  for 
detection,  Identification  or  interception  of  a 
launch  platform  or  missile  ut  some  time  during  its 
mission.  Plume  signature  characteristics  include 
smoke,  radiation  emissions,  visibility,  radar 
absorption  etc, 

SMOKE  -  A  general  term  that  refers  to  the 
effluent  of  rocket  motor  combustion  which  Is 
made  visible  hy  light  scattered  or  absorbed  by 
condensed  solid  uml  liquid  particulates.  Smoke  is 
a  concern  to  rocket  users  who  desire  a  low 
slgnulurc. 

SMOKY  PROPELLANT  •  Describes  propellants 
with  high  aluminium  and  ammonium  perchlorate 
content,  An  AGARD  class  t.'C  may  be  used  to 
describe  this  propellant. 

SNPE  -  Acronym  for  Soclete  Nallonule  ties 
Poudrcs  et  I'xplosifs,  a  French  company  which 


deals  with  research  and  development  of  energetic 
materials  (high  explosives,  guns  and  rocket 
propellants)  for  mllllury  use. 

SOLAR  BLIND  REGION  -  Is  the  portion  (200  • 
.tOOnm)  of  the  ultraviolet  spectrum  which  lies 
outside  the  solar  radiation  region. 

SPECTRAL  RADIANCE  -  Refers  to  the  radiant 
power  emitted  per  unit  area  per  unit  solid  angle 
per  unit  wavelength  Interval  b >  a  source  such  as  a 
rocket  plume,  The  units  are  Walls-mcter-2’ 
stcradlan-l-nunometer-1  (SI)  and  Wntts-cm-2- 
sleradlun-l-mlcrometer-1  (JANNAF) 

SPF  •  Standardised  Plume  Flowflcld  computer 
model  whose  development  was  sponsored  by 
JANNAF. 

THERMAL  LAG  -  Describes  the  thermal  inertia 
or  delay  of  large  panicles  wllhln  the  plume  to 
reach  thermal  equilibrium  with  the  gaseous 
surroundings, 

TRANSMISSIVITY  *  In  propagation  through  an 
attenuating  medium,  transmissivity  Is  the  ratio  of 
the  transmitted  beam  Intensity  to  the  Incident 
beam  Intensity.  See  the  Beer-Lumbert  law  for 
additional  Information. 

TRANNMISSOMETER  •  An  Instrument  for 
measuring  the  transmission  of  radiation  passing 
through  u  medium 

VALIDATION  •  The  process  of  comparison  of  un 
analytical  model  with  experimental  data  to 
confirm  the  accuracy  of  future  predictions,  Post 
correlation  of  model  results  with  one  set  of  test 
data  should  not  constitute  validation. 

LV  •  Acronym  for  Ultraviolet  electromagnetic 
radiation  which  is  defined  by  JANNAF  to  be  the 
region  between  100  and  400  nanometers.  UV 
radiutlon  sources  arise  front  transitions  between 
the  electronic  states  of  molecules. 

VISIBILITY  -  A  general  term  that  relates  to  the 
probability  of  target  detection  hy  a  human 
observer  In  a  given  scenario,  The  visibility  of  a 
target  depends  upon  the  target  size,  shape  and 
colour;  its  contrast  with  the  background;  its 
orientation  with  respect  to  solar  radiation;  the 
visual  ueuity  of  the  observer  and  the  atmospheric 
visual  range. 

VISIU  ■  Visual  SlUnature,  u  commercial  code  for 
the  calculation  of  plume  visibility 
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XLDB  ■  Acronym  for  cross-linked  double  Imsu,  u 
high  energy  subgroup  of  the  double  base  family  of 
propellants  incorporating  energetic  fillers. 
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APPENDIX  2 

Main  Families  of  Solid  Propellant 


Additives  {less  than  5%) 
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APPENDIX  3 

List  of  Numerical  Codes  Used 
In  The  Calculation  of  Plume  Signatures 
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APPENDIX  3 

List  of  Numerical  Codes  Used 
In  The  Calculation  of  Plume  Signatures 


NOTE:  The  code*  herein  do  not  represent  the  total  in  existence.  It  is  important  to  acknowledge 

advanced  research  codes  that  reflect  the  latest  technology  and  tiiods.  These  codes 
attract  high  investment  costs  and  some  may  involve  sensitive  national  interests  thereby 
preventing  general  release.  Tire  contact  address  should  reveal  the  status  of  codes  and  their 
avtd'abillty. 


COUNTRY 


CANADA 


ORGANISATION 

OR  COMPANY 

Defence  Research  Establishment  Valcarticr,  Quebec,  Canada 

NAME  OF  THE 

CODE 

Missile  launch  C'.uud  Prediction 

PURPOSE  OF 

THE  CODE 

To  predict  formation,  motion,  dispersion,  and  IR  signal  attenuation 
properties  of  primary  smoke  clouds  (not  plumes)  that  form  upon 
vertical  missile  bunches  from  ships 

INPUTS 
(and  possibly 
the  name  of  the 
codes  whiwb  give 
the  inputs) 

Ambient  temperature,  pressure,  wind  speed  and  direction,  and 
atmospheric  stability,  missile  thrv.l  and  moss,  nozzle  exit  plane 
conditions  (temperature,  pressure,  velocities,  mass  fraction  of 
attenuating  material  from  NASA-Lcwh  SP-27.1),  maximum 
temperature  of  afterburning  from  RF.P-3,  and  :Jtip  speed  and 
direction,  mass  extinction  coefficients  of  attenuating  material 

OUTPUTS 
(and  possibly 
the  name  of  Ihc 
codes  which  use 
the  outputs) 

Sir;,  rise,  position  am'  concentration  of  cloud  with  time,  and 
attenuation  capahit;ty  nf  the  cloud 

CHEMICAL  oPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

Presently  set  up  fo.  t  I'H-AP  propellant  smoke,  either  aluminized 
or  n<M-yltitiilni;cd.  lor  attenuation  in  the  visible  and  3  to  S/im 
and  8  to  Id  um  infranod  regions. 

PHYSICAL  PHENOMEN  A 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Treats  clouds  ns  homogeneous  spheres  at  their  formation  and  while 
they  move  and  disperse.  Must  enter  mass  extinction  coefficient  of 
material  of  ini  crest  (except  Tor  HTPB-AP-A1  propellant  smoke), 
steady  ship  and  wind  speeds  and  directions  only 

SIMULATED  ALTITUDE 
AND 

EXTENT  <  '’'HE  PLUME 

For  missile  launch  clouds  milter  than  comparatively  well-defined, 
well-structured  plumes 

COMPUTING  TIME 

DURING  A  RUN 
(indicate  the  Kind 
of  computer) 

A  lew  seconds  on  a  386  SX  PC  The  program  is  set  up  on  a 
SYMPHONY  spreadsheet 

NUMERICAL  METHOD 
AND  GRID 

Several  cquatic-ns  set  up  on  a  spreadsheet  to  do  a  time-line 
analysis 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

Not  commercially  available,  research  tool  only,  contact  DREV 

CONTACT 

ADDRESS 

Defence  Research  Establishment  Valcarticr 

PO  Box  8800 

Courccllcltc,  Quebec,  Canada  GOA  IRQ 
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COUNTRY 

CANADA 

ORGANISATION 

OR  COMPANY 

Defence  Research  Establishment  Valcarticr,  Quebec,  Canada 

NAME  OF  THE 

CODE 

FREEJET,  Naval  Weapons  Center,  Chinalake 

PURPOSE  OP 

THE  CODE 

Predicts  formation  of  secondary  smoke  in  plumes 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  inputs) 

Ambient  temperature,  relative  humidity,  and  properties  or  plume  at  a 
point  where  there  is  less  than  10%  exhaust  in  the  plume  (temperature, 
pressure,  velocities  of  jet  and  air,  mote  fractions  of  acid  and  water, 
nucieation  particle  sizes  and  whether  or  not  they  are  soluble) 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Position,  temperature,  mass  fractions,  velocities,  saturation  ratio, 
particle  radii,  particle  concentration,  mass  fraction  of  acid  in 
particles,  on  a  two-dimensional  grid 

CHEMICAL  SPECIES 
TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

H20,  HCI.  HF  all  gaseous  or  liquid 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Two-dimensional  axisymmetrlc  grid,  considers  only  four  different 
•treamlines  in  plume,  can  choose  only  six  different  sizes  of  nuclei, 
considers  both  soluble  and  insoluble  nuclei,  no  turbulcnco  modelling 

SIMULATED  ALTITUDE 

AND 

EXTENT  OP  THE  PLUME 

COMPUTING  TIME 

DURINO  A  RUN 
(indicate  the  kind 
of  computer) 

A  few  minutes  on  a  Honeywell  CP-6 

NUMERICAL  METHOD 

AND  GRID 

Two-dimensional  axisymmetrlc  grid 

AVAILABILITY 
(indicate  if  it  is 

Tully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

Contact  NWC,  Chinalakc 

CONTACT 

ADDRESS 

Defence  Research  Establishment  Valcarticr 

PO  Box  8800 

Courcclcttc,  Quebec,  Canada  GOA  IRQ 
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COUNTRY 

CANADA 

ORGANISATION 

OR  COMPANY 

Defence  Research  Establishment  Valcarticr,  Quebec,  Canada 

NAME  OF  THE 

CODE 

1PHASE  (Integrated  Program  Host  for  Absorption,  Scattering,  and 
Extinction  Calculations) 

PURPOSE  OF 

THE  CODE 

To  compute  extinction,  scattering,  and  absorption  efficiencies  plus 
phase  function  for  many  shapes  and  size  distributions 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  inputs) 

Refractive  index  (possibly  from  Drude  models)  shape,  orientation, 
size,  polarization 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outpuu) 

Extinction,  scattering,  and  absorption  efficiency,  phase  function 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  they 
ore  gaseous,  liquid 
or  solid) 

Aerosols  of  any  mutual 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

EM  scattering  from  spheres,  coated  spheres,  anisotropic  coated 
spheres,  infinite  cylinders,  coated  infinite  cylinder,  finite  cylinders 
and  some  irregular  shapes 

SIMULATED  ALTITUDE 

AND 

EXTENT  OF  THE  PLUME 

COMPUTING  TIME 

DURING  A  RUN 
(Indicate  the  kind 
of  computer) 

For  monidls portions,  typically  ^  1 1  on  s  486  PC  with  Weitck  chip 
Can  be  minutes  to  tens  of  minutes  for  wide  polydispersions  and 
cylinders 

NUMERICAL  METHOD 

AND  GRID 

For  regular  shapes  codes  are  exact 

Irregular  shapes  are  scmi'cmpirical 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

Available.  Code  is  copyrighted  by  DND 

CONTACT 

ADDRESS 

Defence  Research  Establishment  Valcarticr 

PO  Box  8800 

Courcclcllc,  Quebec,  Canada  GOA  1RO 
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COUNTRY 

FRANCE 

ORGANISATION 

OR  COMPANY 

SNPE 

NAME  OF  THE 

CODE 

EMIR 

PURPOSE  OF 

THE  CODE 

IR  radiation  signature 

INPUTS 
(and  possibly 
the  name  of  the 
code!  which  five 
the  input!) 

Values  of  thermodynamical  and  chemical  parameters  (given  by  AJAX 
code) 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Any  result  about  IR  radiation  in  any  given  band  between  1.3  to 

8.7  /m» 

CHEMICAL  SPECIES 
TAKEN  IN  ACCOUNT 
(precise  If  they 
are  gaseous,  liquid 
or  solid) 

H20,  C02,  CO,  HCt 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Gaseous  emission  are  evaluated  by  Goody  hypothesis 

Heterogeneous  mixture  effects  arc  formulated  with  Curtls-Godson 
approximation 

Particle  radiation  is  considered  as  obeying  an  Isotropic  model 

SIMULATED  ALTITUDE 

AND 

EXTENT  OP  THE  PLUME 

COMPUTING  TIME 

DURINO  A  RUN 
(indicate  the  kind 
of  computer) 

NUMERICAL  METHOD 

AND  GRID 

Computation  of  Integrals  along  a  path 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

CONTACT 

Runs  at  SNPE  for  an  outside  customer  arc  possiblo 

ADDRESS  Centre  de  Rcchtrchcs  du  Bouchct 

SNPE 
BP  No  2 

91710  Vcrt-Lc'Pctlt 
Prance 
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COUNTRY 

FRANCE 

ORGANISATION 

OR  COMPANY 

SNPE 

NAME  OF  THE 

CODE 

AJAX 

PURPOSE  OP 

THE  CODE 

Computing  the  close  flowflcld 

INPUTS 
(uid  possibly 
the  mme  of  the 
codes  which  give 
the  inputs) 

Nozzle  exit  conditions 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Values  of  thermodynamical  and  chemical  parameters  in  the  exhaust 
plume  (used  by  EMIR  code) 

CHEMICAL  SPECIES 
TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

Any  chemical  species 

Howover,  only  two  finite  rate  reactions  with  CO  and  H-  are  taken 
into  account 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Two-dimensional 

Steady  state 

K«  turbulence  closure  account  of  pressure  gradients  in  Navicr* 

Stokes  equations  simplified  chemistry  (see  above) 

SIMULATED  ALTITUDE 
AND 

EXTENT  OP  THE  PLUME 

Low  altitude 

COMPUTING  TIME 

DURINO  A  RUN 
(indicate  the  kind 
of  computer) 

More  than  one  hour  on  VAX  8530 

NUMERICAL  METHOD 

AND  GRID 

Finite  differences 

AVAILABILITY 
(indicate  if  it  ia 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

Runs  at  SNPE  for  an  outside  customer  arc  possible 

CONTACT 

ADDRESS 

Monsieur  le  Directcur 

Centre  de  Rcchcrchcs  du  Bouchet 

SNPE 

BP  No  2 

91710  Vcrt-Lc-Petil 

France 
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COUNTRY 

UNITED  KINGDOM 

ORGANISATION 

OR  COMPANY 

DRA,  Fort  Halstead 

NAMF.  OF  THE 

CODE 

BAN DIR  (Application  Code) 

PURPOSE  OF 

THE  CODE 

Computes  Narrow  Band  Spectral  Infrared  plume  emissions 
selected  from  the  range  1  to  13  *mt 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  Inputs) 

Output  from  REP3-90  via  interfacing  program. 

Atmospheric  data,  range,  aspect  angle,  band  model  data 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Provides  band  radiation  intensity  spectra  over  a  selected  wavelength 
band  range  (not  linc-by-linc).  Computes  total  radial  Intensity  and 
Irrndlunce 

CHEMICAL  SPECIE S 

TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

Multispccics  operation  providing  band  spectral  data. 

Principally  CO,  C02,  H20 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Atmospheric  conditions  included 

Particle  emission  not  considered 

Body  obscuration  effects  included 
(Note:  3D  version  coming  on  line) 

SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  PLUME 

Multiple  aspect  angle 

COMPUTINO  TIME 

DURING  A  RUN 
(indicate  the  kind 
of  computer) 

40  mins  per  aspect  angle  PC,  Encore,  VAX 

NUMERICAL  METHOD 
AND  GRID 

Spectral  band  model 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

Availability  restricted 

CONTACT 

ADDRESS 

MTC4  Plume  Science 

Defence  Research  Agency 

Fort  Halstead,  Sevenoaks 

Kent,  England 

COUNTRY 

UNITED  KINGDOM 

ORGANISATION 

OR  COMPANY 

DKA,  Fort  Halstead 

NAME  OF  THE 

CODE 

REP.V90  (incorporating  CCS,  NEWFEC  and  FIRAC) 

PURPOSE  OF 

THE  CODE 

Plume  llowfield  calculation  with  secondary  combustion 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  inputs) 

Nozzle  exit  plane  conditions  consisting  of  gas  chemical  composition, 
temperature,  pressure  and  velocity  given  by  FIRAC.  Kinetic  rale 
reactions  and  thermodynamic  data,  Turbulcnco  model  Kce  or  Ks. 
Plight  froc  stream  condition 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Axisymmutric  Jet  of  time  uvereged  quantities,  chemical  species  and 
gas  dynamic  properties,  This  supplies  data  for  all  application  codes 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

System  orientated  chemical  species.  Ranging  from  chomlstry  of  mono 
and  bl-propullanl  liquid  engines  to  those  of  solid  composites  and 
double  buse  variants 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Pull  finite  rate  chemistry 

Turbulence  model  Kw  und  Kt 

Single  phase,  time  uveruged  uxlsymmetrlc  \uriublc  grid  parabolic 
code 

Predicts  shock  structure,  position  und  magnitude  of  mach  disc 

Docs  not  represent  particle  How 

SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  PLUME 

Up  to  SO  km,  Size  governed  by  Input  to  program 

COMPUTING  TIME 
DURINO  A  RUN 
(indicate  the  kind 
of  computer) 

PC,  VAX,  ENCORE,  sity  45  mins,  Problem  dependent 

NUMERICAL  METHOD 
AND  GRID 

Solves  parabolic/hyperbolic  equations  with  implicit  marching 
procedure  on  an  expanding  grid  as  calculation  proceeds 

AVAILABILITY 
(Indicate  if  il  is 
fully  commercially 
available  or  If  only 
a  few  runs  may  be 
performed) 

Availability  restricted 

MTC4  Plume  Science 
Defence  Research  Agency 
Port  Halstead,  Scvenoaks 
Kent,  England 


CONTACT 

ADDRESS 


A3-10 


COUNTRY 

UNITED  K1NODOM 

ORGANISATION 

OR  COMPANY 

DRA,  Fort  Halstcud 

NAMF  OF  THE 

CODE 

BAFL2 

PURPOSE  OF 

T  HE  CODE 

To  calculate  early  stages  of  riowfleld  to  account  for  base 
recirculation. 

INPUTS 
(and  pouibly 
the  nama  of  the 
codea  which  give 
the  inputs) 

Nozzle  exit  plane  conditions  consisting  of  gas  chemical  composition, 
temperature,  pressure  and  velocity  given  by  FIRAG  Kinetic  rate 
reactions  and  thermodynamic  data.  Turbulence  model  Ku>  or  K«. 

Flight  free  stream  condition 

Dedicated  grid  structure 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Axlsymmetric  jet  of  time  averaged  quantities,  chemical  species  and 
gas  dynamic  properties.  This  supplies  data  lor  all  application  codes. 

To  Interface  with  REPS *90 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  they 
double  base  variants 
nre  gaseous,  liquid 
or  solid) 

Gaseous  species  dupendunt  upon  Inltlul  selection. 

System  orientated  chemical  species,  Ranging  from  chemistry  of  mono 
and  bl'propcllum  liquid  engines  to  those  of  solid  composites  and 
duuhlc  buse  variants 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Time  averaged  only 

Gas  phase 

Fixed  grid  domain 

Finite  rate  chemistry 

Turbulence  model  laminar  und  Ke 

Axisymmetrlc 

SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  I’LUME 

Usually  in  curly  stages  of  plume  calculation  where  axial  diffusion 

Is  Imporiunt 

COMPUTINO  TIME 

DURING  A  RUN 

Vindicate  the  kind 
of  computer) 

00+  mini)  VAX.  PC,  ENCORE 

NUMERICAL  METHOD 
ANDORID 

Fixed  grid  set  up  at  start  of  run.  Elliptic  code  using  upwind 
differencing 

AVAILABILITY 
(indicate  if  It  Is 
fully  commercially 
available  or  If  only 
a  few  runs  may  be 
performed) 

Availability  restricted 

CONTACT 

ADDRESS 

MTC4  Plume  Science 

Defence  Research  Agency 

Fort  Halstead,  huvenoaks 

Kent,  England 
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COUNTRY 

UNITED  KINGDOM 

ORGANISATION 

OR  COMPANY 

DRA,  Fort  Halstead 

NAME  OF  THE 

COuE 

VISRAD  (Application  Code) 

PURPOSE  OF 

THE  CODE 

Computes  visible  radiation  intensity  distribution,  eg  sodium  'D' 
lines  etc 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  inputs) 

Output  from  REP3-90  via  interfacing  program  for  excited  states  of 
of  sodium  and  potassium 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Visible  'ad iu t (on  due  to  Mu  and  K  species  only 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  (hey 
are  gaseous,  liquid 
or  solid) 

Na  and  K 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Radiation  of  excited  species. 

Currently  Na  nnd  K  but  In  principle  other  species  can  be 
considered 

SIMULATED  ALTITUDE 

AND 

EXTENT  OF  THE  PLUME 

COMPUTING  TIME 

DURINQ  A  RUN 
(Indicate  the  kind 
of  computer) 

30  mins  VAX,  ENCORE.  PC.  Problem  dependant 

NUMERICAL  METHOD 

AND  ORID 

AVAILABILITY  Availability  restricted 

(Indicate  II  It  is 


fully  commercially 
available  or  If  only 
a  few  runs  may  be 
performed) 


CONTACT 

ADDRESS 


MTC4  Plume  Sclcn  j 
Defence  Research  Agency 
Fort  Halstead,  Scvcnonks 
Kent,  England 
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COUNTRY 

UNITED  KINGDOM 

ORGANISATION 

OR  COMPANY 

DRA,  Fort  Halstead 

NAME  OF  THE 

CODE 

RCS  (Applicant*  Code) 

T  \ 

.1  ; 

PURPOSE  OF 

THE  CODE 

To  cal  -  t  \e  radar  cross  section  of  any  flowfield 

INPUTS 
(and  pouibly 
the  name  of  the 
code*  which  give 
the  inputs) 

REP.V90  interface  code 

Including  free  electron  concentrations,  turbulence  data  and 
electron  collision  frequency 

OUTPUTS 
(nnd  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Radar  cross  section  for  given  aspect  angle 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  If  they 
are  gaseous,  liquid 
or  solid) 

|e*l 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Buck  scattering  process  of  plume 

SIMULATED  ALTITUDE 

AND 

EXTENT  OF  THE  PLUME 

COMPUTING  TIME 

DURING  A  RUN 
(Indhate  the  kind 
of  computer) 

20  mins  per  aspect  angle.  PC,  VAX,  ENCORE.  Problem  dependent. 

NUMERICAL  METHOD 

AND  GRID 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  nr  if  only 
a  few  runs  may  be 
performed) 

Availability  restricted 

CONTACT 

ADDRESS 

MTC4  Plume  Science 

Defence  R<scaiclt  Agent/ 

Foi  l  Halstead,  Sevenoaks 

Kent,  England 

'V 
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COUNTRY 

UNITED  KINGDOM 

ORGANISATION 

OR  COMPANY 

DRA,  Fort  Halstead 

NAME  OF  THE 

CODE 

EPIC-9C 

PURPOSE  OF 

THE  CODE 

To  model  plume  for  multi-nozzle,  non  axlsymmetric  flows.  Finite  rate 
chemistry,  Single  phase.  No  particles. 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  Inputs) 

Nozzle  exit  plane  conditions  consisting  of  gas  chemical  composition, 
temperature,  ptessurc  and  velocity.  Kinetic  rate  reactions  and 
thermodynamic  data.  Turbulence  model  Kce  or  Kc.  Flight  free 
stream  condition. 

OUTPUTS 
(and  possibly 
the  name  or  the 
codes  which  use 
the  outputs 

3-D  spatial  plume  flowficld.  Time  avenged  quantities,  chemical 
species  and  gas  dynamic  properties.  This  supplies  data  for  all 
application  codes, 

CHEMICAL  SPECIES 
TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

System  orientated  chemical  species.  Ranging  >rom  chemistry  of  mono 
and  bi-propcilant  liquid  engines  to  those  of  solid  composite  and 
double  busc  variants. 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Full  finite  rate  chemistry 

Turbulence  model  Kw  and  Ke 

Single  phase,  3-D  code  with  complex  gcomotry 

Predicts  shock  structure,  position  and  magnitude  of  much  disc 

SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  PLUME 

Up  to  70  km,  Plume  length  variable. 

COMPUTING  TIME 

DURINO  A  RUN 
(Indicate  the  kind 
of  computer) 

In  excess  of  two  hours.  WORK  STATION,  VAX,  ENCORE. 

NUMERICAL  METHOD 

AND  GRID 

Finite  difference,  flexible  grid.  Uses  cliplic  code. 

AVAILABILITY 
(indicate  if  it  is 
fully  commci  dally 
available  or  ir  only 
a  few  runs  may  be 
performed) 

Availability  restricted 

MTC4  Plume  Science 
Defence  Research  Agency 
Port  Halstead,  Sevenoaks 
Kent,  England 


CONTACT 

ADDRESS 
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COUNTRY 

USA 

ORGANISATION 

OR  COMPANY 

Joint-Army-Navy-Nasa-Air  Force  (JANNAF)  Ui  Government 

NAME  OF  THE 

CODE 

Standard  infrared  Radiation  (2  to  25  am)  Modci-SIRRM 

PURPOSE  OF 

THE  CODE 

Computing  the  IR  radiation  2  to  25  (im  from  the  g&‘  f>nd  particle 
laden  plume  flowftelds 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  inputs) 

1  Flowficld  property  map  of  plume  domain,  static  T,  P,  and  IR 
(active  species  -  f  (x,  y))  usually  provided  by  Standard  Plume 
Flowficld,  model  (SPF) 

2  Gaseous  band  model  file 

3  Particulate  optical  property  file 

4  Atmosphere  property  file 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

Spectral  and  in  band  local  radiance,  station  radiation,  radiant 
intensity-both  apparent  and  source 

CHEMICAL  SPECIES 
TAKEN  IN  ACCOUNT 
(precise  ir  they 
are  gaseous,  liquid 
or  solid) 

26  gaseous  species  H,.  CO,,  03,  N,0,  CH4,  HNOv  BO,  BF,  BCI, 

BFO,  BCIO,  BHO.  B02,  Bft,  BCIF,"B,0„  B,0,.  B(OHK  HBO,,  BF,, 
HF.  HC1,  CO,  CIF,  Orf.  NO“  "  “  * 

AI2Ov  C(S),  MgO  and  Zr()2 
condensables  radii  from  1  to  30  /rm 

Atmospheric  attenuation  und  emission  included  Tor  numerous 
atmospheric  models 
Ax  (symmetric  flowficld 

Particulate  scattering  -  2  (lux  und  b  ilux  approximation 
Curtls-Godson  approximation  for  bund  model  radiation  from 
inhomogeneous  gas  paths 

Coupled  gas/parliclc  treatment  of  radiative  transfer 
Incorporation  of  missile  body  obscuration  near  nose  aspect 
Moderate  resolution  (5  cm'1) 


SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  PLUME 

Multiple  aspect  angle,  variable  observer/target  position 

COMPUTING  TIME 

DURING  A  RUN 
(Indicate  the  kind 
of  computer) 

Wide  range  of  computing  time  depending  on  problem.  Executes  on 
CDC  6600  and  7600,  UNIVAX  ami  IBM 

Minimum  5  min  for  simple  LOS  execution 

NUMERICAL  METHOD 

AND  GRID 

Band  model  formulation  for  gaseous  emission,  hca\y  gas,  2  flux  and 

6  flux  scattering  ami  emission  for  particulate  radiation 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  If  only 
a  few  runs  may  be 
performed) 

Code  export  controlled 

Reports  und  permission  to  reproduce  through  CPIA 

Chemical  Propulsion  information  Agency 

John  Hopkins  University 

John  Hopkins  Road 

Laurel,  Maryland  20707 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 
AND 

PHYSICAL  LIMITATIONS 


CONTACT 

ADDRESS 


Mr  Thomas  Smith 
OL-AC  PL/RKFT 
Edwards  AFB,  CA  93524-7003 
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COUNTRY 

USA 

ORGANISATION 

OR  COMPANY 

Dr  Eugene  Miller,  PO  Box  4361,  Incline  Village,  Nevada  89450,  USA 

NAME  OF  THE 

CODE 

V1SIG.  DROP  and  OSA 

PURPOSE  OF 

THE  CODE 

VISIG  predicts  visible  signature  of  rocket  exhaust  plumes  due  to 
scattering  of  ambient  light  by  primary  and  secondary  smoke 

DROP  calculates  formation  of  secondary  smoke  in  solid  rocket 
plumes  based  on  SPF  plume  code  (earlier  version  used  LAPP  as 
basis  or  plume  flowfield) 

OSA  calculates  optical  signal  attenuation  In  solid  rocket  plumes 

INPUTS 
(and  possibly 
the  name  of  the 
codes  which  give 
the  Inputs) 

VtSIG/OSA  input  includes  particle  size,  type  and  spacial  distribution 
and  atmospheric  transmission 

DROP  input  includes  SPF/LAPP  and  climate 
(tempcraturc/humidlty) 

OUTPUTS 
(and  possibly 
the  name  of  the 
codes  which  use 
the  outputs) 

See  purpose  of  Code 

CHEMICAL  SPECIES 

TAKEN  IN  ACCOUNT 
(precise  if  they 
are  gaseous,  liquid 
or  solid) 

Optical  properties  of  water,  HCI-wattir,  alumina  and  /.irconla 

PHYSICAL  PHENOMENA 
TAKEN  IN  ACCOUNT 

AND 

PHYSICAL  LIMITATIONS 

Temperature,  humidity,  primary  and  secondary  smoke  particles, 
atmospheric  transmission,  Docs  not  account  for  HF  effects  or 
soluble  salts 

SIMULATED  ALTITUDE 
AND 

EXTENT  OF  THE  PLUME 

Limited  only  by  plume  llowfleld  calculation  limits 

COMPUTING  TIME 

DURING  A  RUN 
(Indicate  the  kind 
of  computer) 

Available  for  PC  with  MSDOS  or  PCDOS  system 

NUMERICAL  METHOD 

AND  GRID 

AVAILABILITY 
(indicate  if  it  is 
fully  commercially 
available  or  if  only 
a  few  runs  may  be 
performed) 

For  sale  by  Dr  Eugene  Milter,  PO  Box  5461,  Incline  Village 

Nevada  89450,  USA  (Tel:  1-702-83 1-0429) 

Ensure  correct  export  licence  has  been  obtained. 

CONTACT 

ADDRESS 

See  avullubility 

APPENDIX  4 


AGARD  PEP  WG-21  Climate  Data  Base 


M-2 
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APPENDIX  4 

AtiARD  PEP  WG-21  CLIMATE  DATA  BASE 


1  The  tempera lure-Dew  Point  Model,  referred  to  hereafter  as  the  'Climate  Database,'  is  a  computer 
code  tied  database  provided  by  the  National  Climatic  Data  Center,  Federal  Building,  Ashvillc,  North 
Carolina.  28*180.  USA.  (ATTN:  Mr  M  Chungcry  E/CC22-iclcphonu  (704)  259-0765)),  and  described  by 
them  as  a  ‘Gridded  Upper  Air  Climatology.*  The  Gimatc  Database  waa  initially  developed  for  the 
Naval  Weapons  Center  (NWC)  for  its  use  and  for  promulgation  to  AGARD  as  a  standard  for  uniform 
probability  estimates  of  secondary-smoke  formation  by  rocket  exhausts. 

2  The  package  comprising  the  model  and  database  consists  of  thirteen  9>track,  6250  bpi,  unlabelicd 
ASCII  tapes  with  380  characters  per  record  and  10  records  per  block  on  which  data  was  genurated  from 
a  UNIVAC  1100  computer.  On  the  first  of  these  tapes.  Tape  (1).  is  the  program  thut  reads  the  required 
data  from  the  other  tapes  and  formats  it  properly  in  an  output  file.  The  code  listing,  a  brief  output,  and 
a  sample  input  arc  attached. 

3  The  other  twelve  tapes  contain  climate  data  stored  one  month  per  tape.  Bccausu  of  differences 
between  the  UNIVAC  and  the  VAX  (at  NWC),  the  files  on  the  tapes  had  to  be  reformatted  bufore  they 
could  be  read  by  the  computer  code, 

4  Each  monthly  climatology  tape  consists  of  five  files.  These  files  arc  determined  by  the  latitude 
bands  listed  below  in  degrees: 

i)  90.0  N  -  57,5  N 

ii)  55.0  N  -  20.0  N 

iii)  175  N  -  17.5  N 

iv)  20.0  S  *  55.0  S 

v)  57.5  S  -  90.0  S 

Longitude  is  covered  from  0.0  to  360.0  degrees  for  every  file,  and  the  limits  of  utmospheric  pressure 
(“surface  level')  extend  from  1000.0  to  30.0  millibars. 

5  To  run  the  program,  one,  and  only  one,  of  the  sixty  possible  climatology  input  files  can  be 
attached.  The  user  is  prompted  to  give  Use  limits  for  the  surface  level  in  the  atmosphere,  the  longitude, 
and  the  latitude  within  the  limits  of  the  attached  data  file.  Specific  points  muy  be  entered.  For  example, 
latitude  may  be  entered  io  range  from  55.0  N  to  55.0  N;  und  thus  restrict  the  range  considered  to  one 
particular  latitude. 

6  L.Hiiude  and  longitude  may  be  entered  in  multiples  of  2.5  degrees.  The  altitude  level  is  most 
easily  entered  os  a  range  of  values,  but  muy  be  entered  us  an  cxucl  value.  Duiu  arc  stored  in  the  files  ul 
the  following  “altitudes'  levels  in  millibars:  1000.0,  850.0,  700.0,  500.0,  400.0,  300.0,  250.0,  100.0,  70.0, 
50.0,  and  30.0. 

7  Within  the  database  there  arc  approximately  30  data  points  for  temperature  and  dew  point 
depression  over  a  two-week  period  for  a  specific  month,  altitude,  latitude  and  longitude,  on  which  the 
statistics  arc  based. 

8  The  attached  output  listing  show.'.  •  alistical  summurics  printed  Tor  cuch  or  the  years  1980 
through  1985  for  January  (1st  month),  bom  first  two-week  period  and  second  two-week  period  for  -20 
degrees  latitude  and  120  degrees  longitude  at  100,  70,  50  and  30  millibars.  Temperature  und  dew  point 
depression  arc  listed  in  #C  with  their  one-,  two-,  and  three-sigma  variations  added  to  und  subtracted 
from  the  mean.  No  dew  point  depression  data  were  included  at  these  altitudes  (such  dulu  urc  Included 
in  the  database  only  front  1000  to  300  mb).  A  partial  input  tape  listing  with  limited  annotation,  for 
December  (12th  month)  is  also  included  Tor  100  mb,  87.5  degrees  latitude  und  0-15  degrees  longitude. 
Number  of  observations,  mean  temperature,  mean  dew  point  depression  and  one-sigma  values  lor 
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temperature  and  dew  point  depression  are  given.  Clearly  the  six-year  data  base,  first  and  last  half  of  the 
month  is  included,  but  without  the  code  one  cannot  determine  which  data  are  which.  From  examining 
both  of  these  listings,  it  is  clear  that  a  linear  curve  of  variation  is  assumed  in  the  statistical  analysis  of 
temperature.  A  linear  variation  of  dew  point  depression  is  also  used,  below  300  mb. 

y  A  set  of  the  Gimate  Database  tapes  for  VAX  computers  is  available  on  loan  (for  copying  and 
return)  from  the  AGARD  office  (address  given  in  the  Introduction  to  this  report).  The  Climate 
Database  tapes  can  be  purchased  from  the  National  Climatic  Data  Center  address  given  above.  The 
National  Gimatic  Data  Center  is  currently  updating  its  climate  database  and  incorporating  more  precise 
ground-level  data  than  are  in  the  current  database. 


PROGRAM  PHERE 
CHARACTER  CBUF*360 
DIMENSION  RLIM(6) 

DIMENSION  TEMPI  12),  SIGT(12),  DPD(12),  SIGD<12) 

INTEGER  NOBS(12) 

DATA  RLIM(1V90,0/ 

DATA  RUM(2ySS.O/ 

DATA  RLIM(3yi75/ 

DATA  RLIM(4y-20.0/ 

DATA  RUM(3V-573/ 

DATA  RUM(6V-9ZS/ 

OPEN(UNn‘-2JPILE-'CBUFDAT’,STATUS«'NEW') 

OPEN (UNn*-9,FILE-’WETHRJDAT\STATUS- ‘NEW*) 

OPEN(UNlT-S,FrLE-JAN.FL4,,STATUS-'OLD’,ERR-800, 

*  FORM-'FORMATTED’,ACCESS-'SEQUENT1AL\IOSTAT-IERR) 

C  **»*»«»**-•***»**••***•**••*«—«•»*****•****•-••*■»******■**«•* 

READ(8, 1000, IOSTAT-IERRJERR-800, END-999)  INM  TH,  LEVEL,  TLA  T, 

*  TLON.CBUF 

1000  FORMAT(I2,I6,2F6. 1 , A360) 

WRITE(2*)CBUF 

IF(TLAT.GTRLIM{2))  THEN 
LBIND  -  1 

ELSE  IF  (TLAT.GT.RL1M(3))  THEN 
LBIND -2 

ELSE  IF  {TLAT.GT.RLIM(4))  THEN 
LBIND -3 

ELSE  IF  <TLAT.GT.RLIM<S))  THEN 
LBIND  -4 
ELSE 
LBIND -5 
END  IF 

RLIM1  -  RLIM(LBIND) 

RLIM2  -  RLIM(LBIND+ 1 )  4-  2.5 
WR1TE(6,1100)  INMTH,RUM1,RUM2 
1100  FORMAT!'  CURRENTLY  EXAMINING  UNIT-8  MONTH-', 14  , 

*  *  LATITUDE  LIMITS -*,F6.1,*  TO ',F6.l) 

S  WRITE(6,1200) 

1200  FORMAT! ‘  ENTER  LOWER  AND  UPPER  LEVELS  (1000  TO  30)*) 

PEAD  (3.*)  ILEV1.ILEV2 
WRITE(6,*)  ILEV1.ILEV2 
IF  (ILEVl  .EQ.  0)  THEN 
WR1TE(6,1300) 

1  3CKj  FORMAT!'  END  OF  PROGRAM  ’) 

END  IF 

7  WRITE(6, 1300)  RUM  1.RLIM2 

1500  FORMAT!*  ENTER  TOP  AND  BOTTOM  LATITUDES  (\F6.1,*  TO  \F6.1,’)’) 
READ  (5.*)  ALAT1.ALAT2 
WRITE  (6,*)  ALAT1.ALAT2 
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IF( ALAT1  .GTJUJM 1  .OR.  ALAT2XT.RLIM2  .OR.  ALAT1.LT.ALAT2)  THEN 
WRITE(6,1600) 

1600  FORMATC  INVALID  LATITUDE  RANGE,  PLEASE  TRY  AGAIN') 

GOTO  7 
END  IF 

S  WRITE(6,1700) 

1700  FORMATC  ENTER  LEFT  AND  RIGHT  LONGITUDES  (0  TO  360)’) 

READ  (5,*)  ALON1.ALON2 
WRITE  (6.*)  ALON1.ALON2 

IF(ALONl  XT.  0.  .OR  ALON2  .OT.  360.  .OR.  ALON1  .GT.  ALON2)  THEN 
WRITE(6,1800) 

1800  FORMATC  INVALID  LONGITUDE  RANGE  PLEASE  TRY  AGAIN') 

GO  TO  8 
END  IF 

10  IF(LEVEL  XE  ILEVl  .AND.  LEVEL  .GE.  ILEV2)  THEN 
IF(TLAT  XE  ALAT1  ..AND.  TLAT  ,GE.  ALAT2)  THEN 
IF(TLON  .GE  ALON1  .AND.  TLON  ,LE  ALON2)  THEN 
C  FOUND  DATA  WITHIN  RANOE  LIMITS.  DECODE.  CALCULATE.  AND 

C  OUTPUT  TO  UNIT  6 

READ(CBUF,2000)  (NOBS(l),TEMP(I),SIGT(l),DPD(I),SIGD(I), 

*  1-1,12) 

2000  FORMAT(12(I4.2(F7.2.F6.2))) 

1-0 

WRITE(9,3000)  INMTH.LEVELJLAT.TLON 
3000  FORMATC  MONTH  M2,':  LEVEL  '.14.'  MB:  LATITUDE  ’. 

*  F6.1.’:  LONGITUDE\F6.1,/.'  YEAR  HALF’. 

*  ’  TEMP  +  1SIO-  *  2SIO  -  +3SIG  •  ', 

«  '  DEPRES  ♦  1SIG  -  *  2SIG  •  *3SIG  •  ') 

DO  30  IYR  -  1980.1985 
DO  20  IHLF  -  1,2 
I.lil 

IF(NOBS(l)  .NE.  0)  THEN 
SIGT1P  -  TEMP(I)  ♦  SIOT(I) 

SIGT1M  -  TEMPO)  ■  SIGT0) 

SIGT2P  -  TEMPO)  ♦  SIGT0)*2. 

SIGT2M  -  TEMPO)  -  SIGT0)*2. 

SIGT3P  -  TEMP(I)  +  SIGT0)*3. 

SIOT3M  -  TEMP(l)  ■  SIGT0)*3. 

SIGD1P  -  DPD(I)  ♦  SIGD(I) 

SIGD1M  -  DPD0)  *  S!3D(I) 

IF(SIGD1M  .LT.  0.)  SIGD1M  -0. 

SIOD2P  -  DPD(I)  SIGD(I)*2. 

SIGD2M  -  DPD(I)  -  SIGD<I)*2. 

IF(SIGD2M  .LT.  0.)  SIGD2M  -0. 

SIGD3P  -  DPD0)  +  SIGD(1)*3. 

S1GD3M  -  DPD(I)  •  SIOD(I)*3 
tF(SIGD3M  .LT.  0.)  SIGD3M  -0. 

WRITE<9,3100)  IYR, IHLF, TEMPO).S10T1P,SIOT1M.SIGT2P. 

*  SIOT2M.SIGT3P,S1GT3M,DPDO).SIGD1P,SIGD1M,SIGD2P. 

*  SIOD2M.SIGD3P.SIOD3M 

3100  FORMAT(2I5.2(F8.2,6F7.2)) 

END  IF 

20  CONTINUE 

30  CONTINUE 

IF(LEVEL  XE  ILEV2  AND.  TLAT  XE.  ALAT2  AND. 

*  TLON  .GE  ALON2)  THEN 
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WRITE(9,3200) 

3200  FORMATC  AT  END  OF  DESIRED  RANGE') 

OO  TO  999 
END  IF 
END  IF 
END  IF 
END  IF 

READ(8, 1000, 1OSTAT-IERR.ERR-800,  END-999)  INMTH.LEVEL.TLAT, 
*  TLON.CBUF 
GO  TO  10 


800  IF(IERR  .NE.  0)  THEN 
WRITE  (6,3500)  IERR 

3500  FORMATC  READ  ERR  UNIT-8  :  ERROR-', 18) 
END  IF 

999  WRITE(6,3900) 

3900  FORMATC  END  OF  PROCESSING') 

WRITE(2,*)CBUF 

CLOSE(UNlT-8,STATUS-'KEEP’) 

CLOSE(UNIT-9,STATUS-'KEEP') 

CLOSE(UNIT«*2,STATUS-’KEEP') 

STOP 

END 


INPUT  TAPE  =  GIBBS  -  TAPE-W0512I  TEST  RUN 
OUTPUT  FILE  =  W0512I.TST 
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